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ABSTRACT

Solid oxide cells (SOCs) can convert chemical energy to electricity in the fuel cell
mode and store electricity to chemicals in the electrolysis mode. However, there are still
critical barriers, such as energy efficiency and durability, for the development and
commercialization of SOCs. The objective of this dissertation is to apply system
optimization and materials design to address the critical barriers for solid oxide cells in
energy conversion and energy storage applications. One major focus of the dissertation is
related to improve energy efficiency, enhance the cell performance and achieve
multifunctionality in solid oxide electrolysis cells (SOECs). In addition, development of
robust air electrode and mitigation of Cr poisoning in the air electrode of solid oxide fuel
cells (SOFCs) is also pursued.
Electrolysis of steam or carbon dioxide using SOECs is a promising energy storage
method that can efficiently convert electrical energy into chemicals. In conventional
SOECs, a significant portion of electricity input is consumed to overcome a large oxygen
potential gradient between the electrodes. Therefore, to reduce the electricity consumption
and improve the system efficiency, a novel and efficient syngas generator, integrating
carbon gasification and solid oxide co-electrolysis, is presented and evaluated in the first
part of this dissertation. The feasibility of this new system is demonstrated in
La0.9Sr0.1Ga0.8Mg0.2O3 (LSGM) electrolyte-supported SOECs. Both thermodynamic
calculation and experimental results show that the potential barrier for co-electrolysis can
iv

be reduced by about 1 V and the electricity consumption can be reduced by more than 90%
upon integration SOECs with carbon gasification. On the anode side, “CO shuttle” between
the electrochemical reaction sites and solid carbon is realized through the Boudouard
reaction (C+CO2=2CO). Simultaneous production of CO on the anode side and CO/H2 on
the cathode side generates syngas that can serve as fuel for power generation or feedstock
for chemical plants. The integration of carbon gasification and SOECs provides a potential
pathway for efficient utilization of electricity, coal/biomass, and CO2 to store electrical
energy, produce clean fuel, and achieve a carbon neutral sustainable energy supply.
In the second part of this dissertation, to achieve multifunctionality and regulate
product in SOECs, a novel micro-tubular electrochemical reactor is studied, in which high
temperature co-electrolysis of H2O-CO2 and low temperature methanation processes are
synergistically integrated. The temperature gradient along the micro-tubular reactor
provides favorable conditions for both the electrolysis and methanation reactions.
Moreover, the micro-tubular reactor can provide high volumetric factor for both the
electrolysis and methanation processes. When the cathode of the micro-tubular reactor is
fed with a stream of 10.7% CO2, 69.3% H2 and 20.0% H2O, an electrolysis current of -0.32
A improves CH4 yield from 12.3% to 21.1% and CO2 conversion rate from 64.9% to 87.7%,
compared with the operation at open circuit voltage. Furthermore, the effects of the inlet
gas composition in the cathode on CO2 conversion rate and CH4 yield are systematically
investigated. Higher ratio of H:C in the inlet results in higher CO2 conversion rate. Among
all the cases studied, the highest CH4 yield of 23.1% has been achieved when the inlet gas
in the cathode is consisted of 21.3% CO2, 58.7% H2 and 20.0% H2O with an electrolysis
current of -0.32 A.

v

Furthermore, the state-of-the-art SOECs are based on oxygen-ion conducting
electrolyte (O-SOECs), but SOECs using proton-conducting electrolyte (H-SOECs) offer
the advantages of producing dry and pure hydrogen. However, the development of HSOECs falls far behind that of O-SOECs, mainly due to technical challenges such as the
stability of the electrolyte and electrode in H2O-containing atmosphere at operating
conditions and the fabrication of thin electrolyte layer. Therefore, in the third part of the
dissertation, BaZr0.8Y0.2O3-δ (BZY) electrolyte and Sr2Fe1.5Mo0.5O6-δ (SFM) air electrode,
both are stable in H2O-containing atmosphere at operating conditions, are evaluated in HSOECs. In addition, in order to improve the performance of H-SOECs, thin BZY
electrolyte layer (about 16 μm in thickness) and nano-scaled SFM-BZY air electrode are
fabricated successfully, showing excellent SOEC performance (-0.21 A cm-2 at 600 oC)
and achieving faradaic efficiency of 63.6% at intermediate temperature.
Solid oxide fuel cell (SOFC) is the reverse operation of SOEC and can directly convert
the chemical energy in fuels to electricity with high efficiency and is fuel flexible. The
durability and performance of SOFCs are highly related to the reaction kinetics and
stability of the air electrode. To enhance the reaction kinetics of the air electrode, a novel
hybrid catalyst consisting of PrNi0.5Mn0.5O3 and PrOx is impregnated in the conventional
(La0.60Sr0.40)0.95Co0.20Fe0.80O3-x (LSCF) air electrode of H-SOFCs for the first time. The
effects of this impregnation on the electrochemical performance and durability of HSOFCs are investigated in the forth part of the dissertation. Single cells with impregnated
LSCF cathode and BZY electrolyte yield a maximum power density (MPD) of 0.198 W
cm-2 at 873 K, more than doubled than that with blank LSCF cathode (0.083 W cm-2) at
the same operating conditions. Electrical conductivity relaxation (ECR) and
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electrochemical impedance spectroscopy (EIS) studies reveal that the hybrid catalyst can
substantially accelerate the oxygen-ion transfer and oxygen dissociation-absorption
processes in the cathode, resulting in significantly lower polarization resistance and higher
MPD. In addition, the hybrid catalyst possesses good chemical and microstructural stability
at 600 oC. Consequently, the single cells with impregnated LSCF cathode show excellent
durability. This study shows that the impregnation of this novel hybrid catalyst in the
cathode could be a promising approach to improve the performence and stability of HSOFCs.
Moreover, the state-of-the-art SOFC air electrode is suffering from chromiumpoisoning, leading to high SOFC cell performance degradation. To mitigate the effect of
Cr poisoning, placing Cr getter between the air electrode and the Cr sources is an efficient
approach. However, the stability of the state-of-the-art Cr getter materials in the SOFC
cathodic operation conditions remains challenging. For the first time, SFM is investigated
as Cr getter material in the fifth part of the dissertation. The reactivity of SFM, which is
stable in an atmosphere containing H2O and CO2, with Cr species (Cr2O3) is evaluated.
Subsequently, the feasibility of SFM as Cr getter material is investigated. The experiment
results show that SFM, which is stable in an atmosphere containing H2O and CO2,
possesses high reactivity and selectivity with Cr species (Cr2O3). Consequently, the
application of SFM layer can efficiently capture the gaseous Cr species, resulting in
significant mitigation of Cr poisoning for the air electrode.
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CHAPTER 1 INTRODUCTION
1.1 BACKGROUND ABOUT SOLID OXIDE ELECTROLYSIS CELLS
Fossil fuels, such as coal, oil and natural gas, are non-renewable energy resources and
their ever-increasing consumption has led to excessive emission of greenhouse gases such
as CO2. Therefore, carbon emission reduction needs to be implemented and renewable
energy sources have actively been developed globally in the past decades. Renewable
energy sources such as wind and solar are now increasingly harvested to generate
electricity, but the intermittent nature of these energy sources requires the capacity for
large-scale electrical energy storage. Therefore, it’s essential to develop efficient electricity
storage technologies.
Electrolysis of steam/carbon dioxide by solid oxide electrolysis cells (SOECs) is a
promising energy storage method that can efficiently transform electrical energy into nonfossil syngas (a mixture of H2 and CO) which can be converted to electricity when
required[1-3]. Meanwhile, it is an excellent alternative for CO2 utilization due to its high
conversion rate and flexibility[4, 5]. The produced syngas can also be subsequently used
as feedstock through the well-established Fischer-Tropsch (F-T) process to produce liquid
synthetic fuel that can be easily stored and transported using the existing infrastructure
compared with the alternative hydrogen[6].

Compared with low-temperature proton

exchange membrane (PEM) electrolyzers and alkaline electrolyzers, high temperature
SOECs offer significant advantages. For example, besides hydrogen, syngas can be
produced in SOECs; higher reaction rate and lower requirement of electrical energy can be
1

achieved for its high operation temperature[7]. In the past decade, there have been
increasing research interests in SOECs[8].

Figure 1.01 Schematic of O-SOEC and H-SOEC.

According to the types of the electrolyte, SOECs can be classified into two kinds,
namely oxygen-ion conducting SOECs (O-SOECs) and proton conducting SOECs (HSOECs), as shown in Fig. 1.01. In O-SOECs, the electrolyte is oxygen ion conductor.
Steam is fed to the porous hydrogen electrode side. When the required electrical potential
is supplied to the SOECs, water molecules diffuse to the reaction sites and are dissociated
to form hydrogen gas and oxygen ions at the triple phase boundaries of the hydrogen
electrode. The produced hydrogen gas diffuses to the hydrogen electrode surface and is
collected. The oxygen ions are transported through the electrolyte layer to the air electrode.
On the air electrode side, the oxygen ions are oxidized to oxygen gas. The reactions in each
electrode and overall reaction can be written as:

2

Hydrogen electrode:
Air electrode:
Overall reaction:

H2O+2e-=H2+O2-

(1.01)

O2-=0.5O2+2e-

(1.02)

H2O=H2+ 0.5O2

(1.03)

By contrast, the electrolyte is proton conductor in H-SOECs. Steam is fed to the air
electrode side. When the required electrical potential is applied to the H-SOECs, water
molecules diffuse to the reaction sites and are dissociated to form protons, oxygen gas and
electrons at the triple phase boundaries of the air electrode. The protons are transported
through the electrolyte layer to the hydrogen electrode side and then accept electrons to
produce hydrogen gas. The reactions in each electrode as well as the overall reaction can
be written as:
Hydrogen electrode:
Air electrode:
Overall reaction:

2H++2e-=H2

(1.04)

H2O=2H++2e-+0.5O2

(1.05)

H2O=H2+ 0.5O2

(1.06)

1.2 THERMODYNAMICS OF ELECTROLYSIS

Figure 1.02 Thermodynamics of H2O and CO2 electrolysis[9].
Fig. 1.02 shows the thermodynamics of H2O and CO2 electrolysis. The total energy
demand (△Hf) remains almost the same from 373 K (100 oC) to 1273 K (1000oC) for H2O
3

and CO2 electrolysis. The heat demand (T△Sf) increases with increasing temperature, while
the electrical energy demand (△Gf) shows the opposite trend. In other words, at elevated
temperature, a significant part of the total energy demand can be provided as heat instead
of electricity. In addition, this provides an opportunity to utilize the heat that is inevitably
produced when electrical current is passed through the electrolysis cell. Consquently, the
overall consumption of electrical energy is reduced and the efficiency for production of H2
and/or CO can be increased, when the operation temperature of electrolysis is increased.
This nature of electrolysis provides advantages to SOECs operated at high temperature,
compared with low temperature electrolysis cells.
During the operation of electrolysis, a voltage (E), which is higher than open circuit
voltage (reversible voltage Ere), is required to be applied to the electrolysis cells. Reversible
voltage Ere is defined as the minimum voltage required for splitting of either H2O or CO2.
The thermodynamic definition of Ere is as equation (1.07):
Ere  

G
nF

(1.07)

where △G is Gibbs free energy of reaction, n is the number of electrons involved in the
reaction and F is the Faraday constant.
In addition, thermoneutral voltage Etn is another important parameter in SOECs. It is
defined as the voltage at which the generated heat in the electrolysis cell and the heat
consumption are equal. The thermodynamic definition of Etn is as equation (1.08)[9]:
Etn  

H
nF

(1.08)

where △H is the molar enthalpy change of reaction. Theoretically speaking, there are three
thermodynamic statuses of electrolysis, namely endothermic status (Qre>Qir), exothermic
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status (Qre<Qir) and thermoneutral status (Qre=Qir). Where Qre and Qir are the reversible
heat and irreversible heat respectively. When the operating voltage (Vop) of electrolysis is
between Ere and Etn (Ere < Vop <Etn), extra heat input is needed to balance the enthalpy
change (endothermic status). In exothermic mode, the operating voltage is higher than the
thermoneutral voltage (Vop >Etn), extra heat, produced from resistance of the electrolysis
cell, has to be removed from the system. When operating the electrolysis cell under
thermoneutral condition (Vop =Etn), no extra heating and cooling is needed. Because
compared with heat, electricity is a more valuable form of energy, electricity is not desired
to transform into heat redundantly. Therefore, the SOECs is preferred to be operated in
endothermic status and especially in thermoneutral status.
In practice, the partial pressure of reactants or products is usually not 1. Especially in
SOECs, the inlet gas is always a gas mixture. Consequently, equation (1.07) is not enough
to predict the OCV of SOECs in practical use. In O-SOECs, equation (1.09), as shown
below, is developed for calculation of OCVs:

EOCV 

pO2 ,airelectrode
RT
ln
4 F pO2 ,hydrogenelectrode

(1.09)

Where F is the Faraday constant, T the temperature (K), R the gas constant, and,
pO2 , airelectrode and pO2 ,hydrogenelectrode are the oxygen partial pressure.

In term of H-SOECs, because not only proton but also oxygen ion and electron can
transport through the electrolyte, the calculation of OCVs is more complicated, compared
with that in O-SOECs. Considering the transport number of different carriers, the OCVs of
H-SOECs can be calculated by the following equation[10]:

5

𝑅𝑇

𝐸𝑂𝐶𝑉 = 𝑡𝑜 𝐸𝑂 + 𝑡𝐻 𝐸𝐻 = 𝑡𝑂 4𝐹 ln (𝑃

𝑃𝑂2,𝑎𝑖𝑟 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒

𝑅𝑇

𝑂2,ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒

𝑃𝐻2,ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒

) + 𝑡𝐻 2𝐹 ln (

𝑃𝐻2,𝑎𝑖𝑟 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒

)

(1.10)
where to and tH are the actual transport numbers of oxygen ions and protons respectively,
EO and EH are the thermodynamic OCV values of oxygen and hydrogen cells. Equation
(1.10) can be presented in another form:
𝑅𝑇

𝐸𝑂𝐶𝑉 = 𝑡𝑖 𝐸𝑂 + 𝑡𝐻 𝐸𝐻2𝑂 = 𝑡𝑖 4𝐹 ln (𝑃

𝑃𝑂2,𝑎𝑖𝑟 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒
𝑂2,ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒

𝑅𝑇

) + 𝑡𝐻 2𝐹 ln (

𝑃𝐻2𝑂,ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒
𝑃𝐻2𝑂,𝑎𝑖𝑟 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒

)

(1.11)
where ti = to + tH is the actual transport numbers of ions, EO and EH are the thermodynamic
OCV values of oxygen and hydrogen cells, pH 2O , airelectrode and pH 2O , hydrogenelectrode are the
steam partial pressure. If the steam partial pressures are the same in both electrode, equation
(1.11) can be greatly simplified.
1.3 MATERIALS OF SOECs
1.3.1 ELECTROLYTE
According to the classification of SOECs, there are two kinds of electrolyte, namely
oxygen ion conductor and proton conductor. The most widely used oxygen ion conducting
electrolyte is yttria-stabilized zirconia (YSZ), which exhibits high oxygen ion conductivity
at high temperature (above 1073 K) and good mechanical strength. However, the typical
high operating temperature (above 1073 K) results in high performance degradation rate in
the range of 1-4%/1000h and high material cost. Therefore, lowering the operation
temperature of SOECs can potentially improve durability, reduce materials issues, increase
nanostructure stability, expand heat source choice, reduce BOP cost, and improve system
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efficiency. But relatively low oxygen ion conductivity of YSZ at intermediate temperature
(below 973 K) limits its application.
For the application at intermediate temperature (below 837K to 973 K), doped
lanthanum gallate is alternative electrolyte material for O-SOECs. The doped LaGaO3
material has been found to have good ionic conductivity. The conductivity of
La0.9Sr0.1Ga0.8Mg0.2O3 (LSGM) has been reported to be 0.17 S/cm at 1073 K, which is
much higher than YSZ (0.026S/cm at 1073 K)[7]. However, LSGM is suffering serious
reactions with Ni on the hydrogen electrode [7]. This will require modification of the
conventional nickel based fuel electrode to avoid the formation of LaNiO3 and facture due
to thermal expansion coefficient (TEC) mismatch between electrolyte and electrodes.
Similar to LSGM, the doped ceria is considered as a potential intermediatetemperature electrolyte for SOFC because of its high oxygen ions conductivity at a
temperature between 773 and 973 K [11]. However, partial reduction of Ce4+ to Ce3+ in
reducing environment leads to significant electronic conduction. As a result, a partial
internal electronic short-circuit happens in the electrolyte, leading to decrease of the current
efficiency and lattice expansion which may lead to mechanical failure[12].
For proton conducting electrolyte, there are mainly two groups, namely proton
conducting cerate and zirconate oxides. The electrolyte material is required to be stable in
H2O-containing atmosphere in the operating conditions. However, proton-conducting
cerate oxides, which are the most-widely investigated material for proton-conducting solid
oxide fuel cells (H-SOFCs), have been shown to be chemically unstable in H2O-containing
atmosphere both thermodynamically[13] and experimentally[14] at typical cell operating
conditions. Even partial Zr-doping for cerates cannot completely stabilize the proton
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conducting cerate oxide in H2O-containing atmosphere[15, 16]. On the contrary, protonconducting zirconate oxides have been proven to be chemically stable in H2O-containing
atmosphere[17, 18], making them the choice electrolyte for H-SOECs.
1.3.2 AIR ELECTRODE MATERIAL
In O-SOECs, the steam is fed to the hydrogen electrode and the air electrode is still
exposed to dry air atmosphere, which is the same of O-SOFCs. Therefore, conventional air
electrode materials of O-SOFCs can be applied to O-SOECs directly. So far, lanthanum
strontium manganate (LSM) is the most widely used air electrode material for O-SOECs
[19, 20]. However, it has been reported that LSM air electrode delaminates from YSZ
electrolyte during electrolysis due to high internal oxygen pressure near the air electrodeelectrolyte interface and the formation of lanthanum zirconate, as shown in Fig. 1.03 [21].
Grave et al. have reported that this electrolysis induced degradation can be completely
eliminated by reversibly cycling between electrolysis and fuel cell mode [22].
The high internal oxygen pressure near the air electrode-electrolyte interface is due to
the low ionic conductivity of LSM (5.93×10-7 S cm-1 at 1073 K). Mixed ionic electronic
conducting (MIEC) oxides, such as lanthanum strontium cobalt ferrite (LSCF), have been
applied to O-SOECs as air electrode material [23, 24]. In addition, redox stable perovskite
materials, such as Sr2Fe1.5Mo0.5O6-δ (SFM), have also been studied as air electrode material
of O-SOEC. SFM processes high oxygen ionic conductivity (0.13 S cm-1 at 1073 K in air),
reasonable electrical conductivity (14.93 S cm-1 at 1023 K in air) and shows excellent
electrochemical catalytic activity [25].

8

Figure 1.03 Schematic of chemical and morphological changes at air electrode-electrolyte
interface during electrolysis[22].

Unlike in O-SOEC, the steam is fed to the air electrode side in H-SOEC, as shown in
Fig. 1.01. Therefore, the air electrode material is required to be chemically stable in
atmosphere with high humidity. Up to now, most of the air electrode materials in H-SOEC
reported are only derived from proton conducting solid oxide fuel cells (H-SOFCs), but the
performance of these conventional H-SOFC air electrode materials doesn’t meet the
requirements of H-SOECs. As an example, LSCF (La0.6Sr0.4Co0.2Fe0.8O3-δ), a conventional
air electrode material for H-SOFC, has good electronic and ionic conductivity. However,
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its stability in H2O-containing atmosphere is a serious concern, especially at intermediate
temperature range of 873-973 K [26, 27]. Therefore, it is essential to develop new material
for the air electrode of H-SOEC.
1.3.3 HYDROGEN ELECTRODE MATERIALS
The potential hydrogen electrode material has to meet the following requirements
including (1) good catalytic activity, (2) sufficient electronic conductivity, (3) proper
thermal compatibility and (4) good chemical stability. The Ni-based electrode is the most
common hydrogen electrode material for SOECs because of its high electrical conductivity,
excellent catalytic activity for high temperature steam/CO2 splitting reaction and low
cost[28]. The ionic conductor electrolyte phase such as YSZ or GDC is incorporated in
hydrogen electrode to increase the ionic conductivity, match the thermal expansion
coefficient (TEC) with the electrolyte and extend the triple phase boundaries (TPBs).
SOECs with the Ni-based hydrogen electrode have displayed good electrochemical
performance with low polarization resistance and high electrolysis current density [29, 30].
Although the nickel-based cermets are the most common hydrogen electrode material
for SOECs, Ni has poor tolerance to impurity poisoning and is susceptible to microstructure
changes from thermal or redox cycling, resulting in loss of TPBs and cell performance
degradation in long-term operations [25, 31]. Consequently, new ceramic materials such
as LaCrO3, SrTiO3, SFM, and LaVO3-based materials have been investigated as alternative
and more stable hydrogen electrode materials for SOECs.
Pervoskite LaCrO3-based materials are stable and conductive in both reducing and
oxidizing atmospheres. They are widely used as interconnect material and have been
applied as hydrogen electrode candidate for SOECs. LaCrO3 is a p-type conductor, and the
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electronic and ionic conductivity is tunable by adjusting the co-doping of divalent ions
such as Sr2+, Ca2+ and Mg2+ to the A-sites and transition metal ions such as Mn2+, Fe2+ and
Co2+ to the B-sites [32-34].
Perovskite oxide LaxSr1-xTiO3+δ (LST) is another alternative ceramic hydrogen
electrode material for SOECs. It is a typical n-type semiconductor and can achieve an
electrical conductivity as high as 30 S cm-1 at intermediate temperature upon reduction in
reducing atmosphere. Furthermore, LST is stable in pure H2 up to 1673 K. Therefore, LST
has attracted much attention to be used as hydrogen electrode materials in the SOC [35].
Xie et al. have utilized the electronic conductor (LST) and oxygen-ion conductor (GDC)
to form LST-GDC composite hydrogen electrode for co-electrolysis application. The
electrolyte-supported SOECs with the cell configuration of LST-CGO/YSZ/LSM-GDC
functioned well in the electrolysis conditions even without using hydrogen as the reducing
gas as typically required in the electrolysis cells using nickel-based hydrogen electrode[36].
Perovskite Sr-doped LaVO3 (LSV) exhibits high electronic conductivity about 120 S
cm-1 at 1073 K, and it is also very stable over a wide range of oxygen partial pressure from
10-4 to 10-22 atm with considerable sulfur tolerance and coking resistance at elevated
temperature. Yoon et al. [37] have reported the co-electrolysis performance of LSV-YSZ
composite materials as hydrogen electrode for electrolyte-supported cells with the
configuration of LSV-YSZ/YSZ/LSF-YSZ, which exhibited the cell polarization
resistance of 0.89 Ω cm2 at 1073 K in the 70% (20% CO-80% CO2)–30% H2O atmosphere.
1.4 CHROMIUM POISONING IN AIR ELECTRODE
The reducing operation temperature of SOCs greatly increases the feasibility of using
low cost metallic interconnect materials. Compared to the ceramic interconnect materials

11

such as Sr-doped lanthanum chromite, metallic materials have high electronic and thermal
conductivity, negligible ionic conductivity, good machinability and low cost. However, the
oxidation and corrosion on metal surface becomes problematic at elevated SOCs operating
temperatures, which may lead to substantial increase in the ohmic resistance of SOC stack.
High Cr content alloys draw significant attention because of their anti-oxidation property
at high temperatures. However, the volatilization of gaseous Cr-species from the alloy
surface leads to drastically degradation of air electrode performance which becomes a
serious issue in SOC development and commercialization [38]. Cr vaporization is affected
by serval factors such as the flow rate, flow regime, temperature and humidity. The
representative vapor species of Cr are CrO3 in dry air and CrO2(OH)2 in wet air. Fig. 1.04
shows the temperature dependence of the partial pressure of these two main Cr species over
Cr2O3 scale in wet and dry air, respectively [39]. From Fig. 1.04, it can be seen that the
partial pressure of CrO2(OH)2 is larger than that of CrO3, suggesting that Cr vaporization
is more serious in wet air than in dry air. In addition, the partial pressures of CrO2(OH)2
and CrO3 increase with increasing temperature.

Figure 1.04 Partial pressure of CrO2(OH)2 in wet air (3%H2O) and CrO3 in dry air over
Cr2O3 scale at different temperature[39].
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Two general pathways have been reported for Cr-poisoning, one is the chemical
reaction and the other is the electrochemical reaction. The representative chemical reaction
pathway has been demonstrated by Jiang et al. [38] who have systematically studied the
Cr deposition mechanism in LSM and LSCF air electrode. In LSM, Mn2+ was generated
during air electrode polarization at high temperature, which served as the nucleation agent
for the formation of Cr2O3 from Cr-Mn-O nucleus for LSM, as shown in reactions (1.121.15):
Cr2O3 +3/2O2=2CrO3(g)

(1.12)

Mn2++CrO3=Cr-Mn-Ox(nuclei)

(1.13)

Cr-Mn-Ox+ CrO3= Cr2O3

(1.14)

Mn2++Cr-Mn-Ox+ CrO3= (Cr,Mn)3O4

(1.15)

In LSCF, SrO served as the nucleation agent for LSCF air electrode, as shown
in reactions (1.16-1.18):
SrO+CrO3=Cr-Sr-Ox(nuclei)

(1.16)

Cr-Sr-Ox+ CrO3= Cr2O3

(1.17)

SrO+Cr-Mn-Ox+ CrO3= SrCrO4

(1.18)

In the electrochemical reaction pathway, it has been suggested that volatile
CrO2(OH)2 is formed under typical SOFC operating conditions. These gas phase chromium
species can deposit on the air electrode forming Cr2O3, while the oxide anions diffuse
through the electrolyte, as shown in reaction (1.19):
CrO2(OH)2(g)+6e-= Cr2O3(s)+2H2O+3O2-

(1.19)

Whether through chemical or electrochemical pathways, deposition of Cr-containing
compounds at the air electrode/electrolyte interface not only reduces the TPBs but also
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limits oxygen exchange with the bulk electrolyte, degrading overall fuel cell performance.
Considering the electrochemical pathways, a mixed ionic and electronic conducting air
electrode is more tolerant to Cr-poisoning due to the expansion of the area available for
electrochemical deposition of chromia and the promotion of chromia deposition in less
critical areas instead of only to the air electrode/electrolyte interface for a predominantly
electronic conducting air electrode. In addition, to reduce the concentration of the volatile
chromia species, metallic interconnect surfaces have been subjected to various coatings.
The function of the coating is to form a ceramic phase that is electrically conducting but
has lower chromia evaporation rates. However, coatings also increase the cost for the
metallic interconnects. Complete coverage of the entire metallic surfaces is often difficult
due to the complex geometry for most of the metallic interconnect designs. The long-term
reliability of the coating is also a concern. Consequently, Cr getter materials have been
developed to mitigate the air electrode Cr-poisoning by capturing the volatile Cr-species
before they reach the electrochemically active air electrodes[40, 41]. Uddin et al. [41] have
reported that the application of a Cr getter layer can efficiently prevent Cr poisoning in the
bulk air electrode and air electrode-electrolyte interface. However, the stability of Cr getter
material in operation condition and the replacement of Cr getter layer in SOC stacks are
still problems.
1.5 OBJECTIVE AND STRUCTURE OF THIS DISSERTATION
According to the discussions above, one objective of this proposal is to optimize the
system of SOEC to increase energy efficiency. In conventional SOECs, a significant
portion of electricity input is consumed to overcome a large oxygen potential gradient
between the electrodes. Therefore, in the Chapter 2 of this dissertation, to improve the
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system efficiency, a novel and efficient syngas generator, integrating carbon gasification
and solid oxide co-electrolysis, is presented. The electrochemical performance and energy
efficiency of this novel system have been investigated and compared with those of
conventional O-SOECs. Furthermore, in the Chapter 3 of this dissertation, for direct
synthesis of methane in co-electrolysis, a novel micro-tubular electrochemical reactor is
presented. High temperature co-electrolysis of H2O-CO2 and low temperature
methanantion processes are synergistically integrated in this reactor. The performance and
stability of this reactor have been studied. The effect of inlet gas composition on the
conversion percentage of CO2 and the yield of CH4 have also been investigated.
Moreover, another objective of this dissertation is focused on developing robust and
high performance air electrode material for proton conducting solid oxide reversible cells
(H-SORC). The development of H-SOCs is far behind that of O-SOCs, mainly due to
technical challenges such as the stability of the electrolyte and electrode in H2O-containing
atmosphere at operating conditions and the sluggish reaction kinetics in the air electrode.
Therefore, in the Chapter 4 of this dissertation, to solve the stability problem,
BaZr0.8Y0.2O3-δ (BZY) electrolyte and Sr2Fe1.5Mo0.5O6-δ (SFM) air electrode, both are
stable in H2O-containing atmosphere at operating conditions, are applied and evaluated HSOECs. In the Chapter 5 of this dissertation, to enhance the reaction kinetics in the air
electrode, a novel hybrid catalyst consisting of PrNi0.5Mn0.5O3 and PrOx is impregnated in
the conventional LSCF air electrode of H-SOFCs for the first time. The effects of this
impregnation on the electrochemical performance and durability of H-SOFCs are
investigated.
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The volatilization of gaseous Cr-species from Cr containing interconnect materials
leads to drastically degradation of air electrode performance which becomes a serious issue
in SOC development. To mitigate the effect of Cr poisoning, introducing Cr getter between
the air electrode and the Cr sources is an efficient approach. However, the stability of the
state-of-the-art Cr getter materials in the SOFC cathodic operation conditions remains
challenging. For the first time, Sr2Fe1.5Mo0.5O6-δ (SFM) is investigated as Cr getter material
in the Chapter 6 of this dissertation. The reactivity of SFM, which is stable in an atmosphere
containing H2O and CO2, with Cr species (Cr2O3) is evaluated. Subsequently, the feasibility
of SFM as Cr getter material is investigated.
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CHAPTER 2 EFFICIENT SYNGAS GENERATION FOR ELECTRICITY
STORAGE THROUGH CARBON GASIFICATION ASSISTED SOLID
OXIDE CO-ELECTROLYSIS
2.1 BACKGROUND
There are some paramount challenges for the large scale deployment of SOECs[8,
30, 42, 43]. One major challenge is that a significant portion of electricity input is
consumed to overcome a large oxygen potential gradient (open circuit voltage up to 1 V)
in the co-electrolysis process, because the air electrode is often exposed to air with a high
oxygen partial pressure[44]. Considering that the electrical consumption is crucial for its
commercial competitiveness, it is very desirable to reduce the oxygen partial pressure of
the air electrode in order to lower the open circuit voltage (OCV). Furthermore, utilization
of oxygen produced in the air electrode is also vital for improving the overall system
efficiency. However, there are only very limited reports concerning the reduction of
oxygen potential gradient in SOECs. Martinez-Frias et al. reported that natural gas
assistance can reduce the OCV of electrolysis and improve the efficiency with heat
recovery system[44]. Wang et al. reported that introduction of reducing gases (CH4 or CO)
in the air electrode can decrease the electrochemical potential required for electrolysis [45,
46]. However, in these studies, the utilization of oxygen produced in the air electrode is
ignored. In contrast, we have recently demonstrated a strategy that combines partial
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oxidation of methane and co-electrolysis, in which the potential barrier is reduced and
oxygen (produced in the air electrode) is utilized to partially oxidize methane to produce
syngas[47].
Carbon gasification (CG) is a process to transform carbon-containing solids (such as
coal and biomass) into gaseous fuels such as CO, H2, and CH4. It has emerged as a clean
and effective way for the production of gaseous fuels that can be used for power generation
or synthesis of chemicals [48, 49]. CG is already a well-developed technology and has been
widely applied in Integrated Gasification Combined Cycle (IGCC), production of syngas,
and solid oxide fuel cells (SOFCs) [50-62]. Similarly, solid oxide co-electrolysis and CG
process can be synergistically combined and an integrated paradigm can be achieved. The
production of CO by carbon gasification in the air electrode side can eliminate the uphill
potential barrier in SOECs. Furthermore, partial oxidation of carbon in the air electrode is
an exothermic reaction that can provide heat for the endothermic electrolysis reaction in
the hydrogen electrode. Carbon-based solid oxide steam electrolysis, containing molten
silver as the air electrode has been described theoretically [63]. Noticeably, above certain
temperature, carbon-based solid oxide steam electrolysis process can occur spontaneously
without input of external electricity. The feasibility of steam-carbon solid oxide
electrochemical cells for hydrogen production has been reported [64-66]. However, the
feasibility of syngas production has not been reported yet for carbon assisted SOECs.
Compared with the steam electrolysis (hydrogen production), co-electrolysis of H2O and
CO2 (syngas production) is not only an energy conversion method but also an effective
CO2 utilization method. Moreover, the behaviour of the CG process and the product in the
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air electrode side in CG-assisted SOEC have not been reported, which are critical to assess
the energy efficiency of the system.
In this chapter, a novel and efficient syngas generator, in which carbon gasification
and solid oxide co-electrolysis process are synergistically combined, is presented, as
schematically illustrated in Fig. 2.01. The feasibility of this novel integrated system has
been studied in La0.9Sr0.1Ga0.8Mg0.2O3 (LSGM) electrolyte-supported SOECs. The carbon
gasification process in the air electrode side is investigated by thermogravimetry (TG) and
gas chromatography (GC). Based on the electrochemical and GC data, electricity
consumption and energy efficiency of this device are calculated to demonstrate its
advantages.
2.2 EXPERIMENTAL
2.2.1 THE CHARACTERIZATION OF CARBON POWDERS
The carbon source used in this study is activated carbon with 10 wt.% Fe loading [58].
The gasification behaviours of carbon powder were studied by thermogravimetric analysis
(STA 449 F1 Jupiter, Netzsch, Germany) in air and in CO2 atmosphere, respectively over
the temperature range of 323–1273 K. The heating rate was fixed at 5 K min−1. The total
flow rate of gases was 60 ml min−1. Thermodynamic calculation was conducted using the
HSC 6.0 software.
2.2.2 PREPARATION OF SINGLE CELLS
Dense electrolyte support was prepared by pressing La0.9Sr0.1Ga0.8Mg0.2O3 (LSGM)
(Fuel Cell Materials, USA) powders into pellets and then sintered at 1723 K for 5 h. After
sintering, the LSGM pellet is 10.7 mm in diameter and 0.5 m in thickness. The electrode
ink consisting of 60 wt.% Sr2Fe1.5Mo0.5O6-δ (SFM) and 40 wt.% Sm0.2Ce0.8O1.9 (SDC) was
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screen-printed on both sides of the LSGM electrolyte and then fired at 1373 K for 2 h. The
effective electrode area was about 0.33 cm2. Gold paste was used as the current collector.
2.2.3 CELLS CHARACTERIZATION
The prepared SFM-SDC/LSGM/SFM-SDC single cells were sealed between two
alumina tubes using silver paste (DAD-87, Shanghai Research Institute of Synthetic Resins,
China). High temperature ceramic adhesive (552-1105, Aremco, USA) was then applied
outside the sealed cell to minimize gas leaking. 8 ml min-1 CO2 (16 vol.%), 10 ml min-1 H2
(20 vol.%), 24 ml min-1 N2 (48 vol.%) and 8 ml min-1 H2O (16 vol.% AH) were introduced
in the hydrogen electrode side during the electrolysis test. The flow rates of CO2, H2 and
N2 were controlled by mass flow controllers (APEX, Schoonover, USA). Steam was
generated using a humidifier by heating liquid water to a pre-determined temperature.
Heating tape was used to surround gas pipes to avoid condensation. The exact water partial
pressure of the inlet gases was continuously measured using a humidity sensor (HMP 337,
Vaisala, USA). Carbon source was placed into the upper tube of the air electrode side. The
exhaust gas with 5 mL min-1 N2 as sweep gas from the air electrode side was analysed by
a gas chromatograph (7890A, Agilent, USA). Electrochemical characterizations including
current density-voltage I-V) and impedance spectra measurements for the single cells were
conducted on an electrochemical test system (Versa STAT 3-400, Princeton Applied
Research, USA). The I-V curves were recorded from OCV to OCV+1V with a voltage
sweeping speed of 0.03 V s-1. Electrochemical impedance spectra (EIS) under both OCV
and electrolysis conditions (0.15 mA cm-2) were recorded with a voltage amplitude of 30
mV.
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2.3 RESULTS AND DISCUSSION
2.3.1

THE

PRINCIPLE

AND

THERMODYNAMIC

CALCULATION

OF

CONVENTIONAL AND CG ASSISTED CO-ELECTROLYSIS

Figure 2.01 Schematic illustration of carbon gasification assisted solid oxide coelectrolysis.
Fig. 2.01 illustrates the working principle of the CG assisted co-electrolysis,
which is the same as the conventional co-electrolysis in the hydrogen electrode side.
In both modes, a feed stream consisting of H2O and CO2 is introduced to the
hydrogen electrode side, where H2O and CO2 accept electrons from an external
circuit to produce H2, CO and oxygen ion O2-, as described in reactions (2.01) and
(2.02). Reverse water gas shift reaction (RWGSR) also takes place in the hydrogen
electrode side, as described in reaction (2.03).
H2O+2e-=H2+O2-

(2.01)

CO2+2e-=CO+O2-

(2.02)

CO2+H2=CO+ H2O

(2.03)

Compared with the conventional co-electrolysis, the significant distinction of
the CG assisted co-electrolysis is that carbon source is introduced in the air electrode
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side, as shown in Fig. 2.01 (within the dotted rectangle). Through the Boudouard
reaction (reaction (2.04)), carbon reacts with CO2 to produce CO. The produced CO
diffuses to the triple phase boundary (TPB) sites of the air electrode to react with
O2- to form CO2, releasing electrons at the same time, as described in reaction (2.05).
Consequently, a sustainable cycle is realized due to the diffusion of CO gases and
the related reactions (2.04)-(2.05), similar to the “CO shuttle mechanism” in direct
carbon solid oxide fuel cells (DC-SOFCs) [60].
CO2+C=2CO

(2.04)

CO+O2-=CO2+2e-

(2.05)

The overall reaction of the CG assisted co-electrolysis is shown in reaction
(2.06):
H2O(g)+2C+CO2(g)=H2(g)+3CO(g)

(2.06)

Figure 2.02 Thermodynamic calculation as function of temperature for co-electrolysis
process (a) conventional mode and (b) CG assisted mode.
Fig. 2.02 shows the thermodynamic calculation results for the co-electrolysis
in different modes. When operated in the conventional mode, the process requires a
total amount of energy (△H) about 528 kJ mol-1 in the temperature range from 400
to 1300 K. Although the electrical energy demand shown in Fig. 2.02(a) decreases
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at higher temperature with the significantly increase of heat due to the positive
entropy change (△S), even at 1300 K, the ∆G still maintains at a high positive value
above 300 kJmol-1. Since electricity is much more valuable than joule heat which
may be readily available in the typical industrial processes or from solar heating,
this inevitably high electrical input definitely degrades the competitiveness of the
conventional solid oxide co-electrolysis technique.
When the co-electrolysis process is performed in the CG assisted mode as
described in reaction (2.06), the total energy decreases 41% from the conventional
mode of 528 to 310 kJ mol-1. Moreover, it is noticeable that the electrical energy
demand ∆G reduces dramatically with temperature. When the temperature reaches
1000 K, the ∆G becomes a negative value, suggesting that the CG assisted coelectrolysis reaction can occur spontaneously without any external electrical input.
Furthermore, compared with the conventional mode, operational voltage
window of the system is much broader in the CG assisted mode, because the gap
between thermal neutral voltage (Etn) and reversible voltage (Ere) is larger in the CG
assisted mode. Larger gap between Etn and Ere makes electrolysis more flexible and
efficient. The thermal neutral voltage Etn and the reversible voltage Ere in different
modes are shown in Fig. 2.03. It can be seen that in both modes, Etn has a small
dependence on temperature, while Ere decreases considerably with increasing
temperature, leading to larger values of Etn – Ere at higher temperatures. Compared
with the conventional mode, Ere is much smaller in the CG assisted mode, resulting
in larger gap between Etn and Ere. Consequently, the operational window of
electrolysis (Etn – Ere) is wider in the CG assisted mode. For instance, at 1123 K, the
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Etn is 1.374 V in the conventional co-electrolysis mode, which is larger than that of
the CG assisted mode (0.791 V). However, the E re of CG assisted mode (-0.133V)
is much smaller than that of the conventional mode (0.961 V). As a result, the value
of Etn – Ere in the CG assisted mode (0.924 V) is larger than that in the conventional
mode (0.583 V), leading to larger operational window in the CG assisted mode.

Figure 2.03 Calculated Ere and Etn as a function of temperature for co-electrolysis process
in the (a) conventional mode, and (b) CG assisted mode.
In thermodynamic term, the CG-assisted electrolysis reaction is identical to
carbon gasification using steam and CO2 as gasifying agents. However, there are
several unique merits when it is performed in SOECs. The key point is that it is an
electrical energy to chemical energy conversion on a solid oxide cell, which can also
be directly used to generate electricity when operating in fuel cell mode. Thus the
solid oxide cell can serve as load levelling and energy storage between electricity
and fuel. Moreover, in the CG assisted electrolysis cell, the reaction and conversion
rate of the gasification reaction can be controlled and managed by the applied current
density. In addition, the design of the CG assisted electrolysis cell is flexible. It can
be implemented as distributed syngas generation device under atmospheric pressure,
while carbon gasification generally operates as large chemical plants in pressurized
24

operation. The CG assisted electrolysis cell can also be implemented in large scale
chemical plants or coal-based power plants. Lastly, because of the separation of
carbon and gas agent in the CG assisted electrolysis cell, clean and pure syngas
without contaminants such as H2S and NxOy can be produced in the hydrogen
electrode so that dirty fuels such as coal can be potentially converted to green and
clean fuels.
2.3.2 ELECTROCHEMICAL TEST OF THE CONVENTIONAL AND CG ASSISTED
CO-ELECTROLYSIS
To evaluate the feasibility of CG assisted co-electrolysis technique, symmetrical cells,
SFM-SDC/LSGM/SFM-SDC, that can work in both the conventional mode and the CG
assisted mode are fabricated and investigated to exclude the influence of material
composition and microstructure of cell components from different cells. SFM is chosen for
its good electrical properties and excellent redox stability [67]. It has been used as
symmetrical electrode material in SOFC mode and SOE mode [68-70]. SDC is
incorporated to increase the electrode ionic conductivity, and consequently improve the
cell performance due to enlarged active reaction sites [71, 72]. Shown in Fig. 2.04 (a) is
the cross section microstructure image of the electrolysis cell, with symmetrical tri-layers
structure. The LSGM electrolyte support layer, after sintered at 1723 K for 5h, is relatively
dense. Fig. 2.04 (b) displays that the porous SDC-SFM electrode is well adhered to the
electrolyte after sintering at 1373 K for 2 h.
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Figure 2.04 The microstructure of single cell (a) SFM-SDC/LSGM/SFM-SDC triple
layers; (b) interface of SFM-SDC and LSGM.

Figure 2.05 (a) I-V curves for the electrolysis cells operated in conventional mode and
CG assisted mode at 1123K; (b) impedance spectra for electrolysis cells operated in four
different conditions.
The I-V curves of the CG assisted mode and the conventional mode are shown in Fig.
2.05 (a). It can be seen that at 1123 K, the OCV of the CG-assisted mode is -0.202 V,
indicating that electrolysis in the CG-assisted mode is spontaneous (i.e., it is generating
electricity), while the voltage needed for the electrolysis process of the conventional mode
is 0.877 V. It is noted that in order to enhance the electrode kinetics and have relatively
high electrolysis current density in practical applications, an external electricity input is
needed for the CG assisted mode even at an operating temperature higher than 1123 K.
However, it can be seen that the I-V curve measured under the CG assisted mode totally
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stays below the one measured under the conventional mode, indicating that a much lower
voltage is required to produce the same electrolysis current density. For example, the cell
voltage to produce electrolysis current density of 0.4 A cm-2 is 0.9 V for the conventional
mode; while the required voltage has been decreased dramatically by nearly one order of
magnitude to 0.14V when the cell is operated under the CG-assisted mode. Lower OCV
means lesser potential barrier to split H2O or CO2 in the CG-assisted mode.
Electrochemical impedance spectra are measured in four different conditions, as
shown in Fig. 2.05 (b). The intercept of the real axis at high-frequency corresponds to
ohmic resistance of the cell, while the real axis range covered by the arc at lower frequency
region represents the overall electrode polarization resistance, including both the air
electrode and hydrogen electrode polarization resistances. The total resistance is the sum
of the ohmic resistance and the polarization resistance. As to the ohmic resistance of a cell,
it is the sum of the ohmic resistances of the air electrode, the electrolyte layer, the hydrogen
electrode, and the contact resistance between each two adjacent layers. From Fig. 2.05 (b),
it can be seen that the intercept of the real axis is very similar in four different measurement
conditions, indicating that the cell ohmic resistance is almost the same. Since the ohmic
resistance is mainly determined by the condition of the electrolyte in electrolyte-supported
cells, the similar ohmic resistances can be explained by the identical fabrication process of
the LSGM electrolyte in all cells tested.
In the conventional mode, the polarization resistance under 150 mA cm-2 (0.389 
cm2) is smaller than that under OCV (0.517 cm2), suggesting that the reaction rate can be
enhanced with applied current. Comparing the polarization resistance under OCV in the
conventional mode and the CG assisted mode, the former (0.517  cm2) is smaller than the
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latter (0.890  cm2), which is possibly due to the introduction of the CG process in the air
electrode side (The major gas component in the air electrode side is found to be CO as
shown in Fig. 2.06). In the air electrode side of CG assisted mode, the produced O2- is
consumed by reacting with CO to form CO2 (O2-+CO=CO2+2e-). The larger polarization
resistance may be caused by the sluggish electrochemical reactivity of CO or the slow rate
of “CO shuttle”. Similar to the conventional mode, in the CG assisted mode, the
polarization resistance reduces to 0.71  cm2 when 150 mA cm-2 is applied. The larger
polarization resistance of the CG assisted mode indicates a larger polarization loss.
However, since the significant decrease in the open circuit voltage (i.e., a significant
reduction of potential barrier), a much lower overall electrolysis voltage is still achieved
for the CG assisted mode for the same current density compared with the conventional
mode. Consequently, the consumption of electrical energy can be reduced in the CG
assisted mode.
2.3.3 THE ANALYSIS OF CARBON GASIFICATION PROCESSS IN THE AIR
ELECTRODE SIDE
As shown in Fig.2.01, in the air electrode side of the CG assisted mode, carbon
source is introduced. Assuming that the amount of carbon is much larger than that
of O2, the gas atmosphere in the air electrode side under thermodynamic equilibrium
condition can be calculated by HSC 6.0 software, as displayed in Fig.2.06 (a).
Between 600 and 800 K, CO2 is the major product, while between 973 K and 1173
K (operation temperature of the CG assisted co-electrolysis in this study), CO
becomes the predominant product, suggesting that CO can be obtained in the air
electrode side of this system.
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Besides the thermodynamic factors, the kinetics of carbon gasification should also be
taken into consideration, because it is crucial for the rate of “CO shuttle” between the solid
carbon and the air electrode, which influences the performance of SOEC. Consequently,
the kinetics of carbon gasification in air and CO2 were studied by thermogravimetric
analysis, as shown in Fig. 2.06 (b). From the TG and DTG curves, it can be seen that weight
loss of carbon starts at approximately 600 K in the air, while weight loss only starts at about
850 K in CO2, indicating that carbon has higher reactivity with O2 than with CO2. This
result also reveals that below 850 K, the major product of O2 and carbon is CO2, consistent
with the thermodynamic calculation analysis.
Above 1000 K, the DTG curve (carbon in CO2) shows that the reactivity of
carbon with CO2 increases greatly with increasing temperature and reaches the
maximum at 1200 K. Therefore, at 1123 K (the operating temperature of SOEC in
this study), the reactivity of carbon with CO 2 is not at the fastest condition. The
sluggish reaction could be one of the reasons for the larger polarization resistance of
the CG assisted co-electrolysis than that of the conventional co-electrolysis observed
in Fig. 2.05 (b). As the reaction rate increases with increasing temperature, the
polarization resistance of the CG assisted co-electrolysis can be reduced by further
increasing the operation temperature.
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Figure 2.06 (a) Thermodynamic equilibrium calculation results for the reaction of 2 mol
O2 with 98 mol carbon at different temperatures; (b) TG and DTG of carbon source in air
and CO2 condition; (c) the exhaust gas composition in the air electrode side.
Fig. 2.06 (c) presents the exhaust gas composition in the air electrode side analyzed
by GC with 5 ml min-1 N2 as sweep gas when the device is operated with a constant current
density of 300 mA cm-2. Besides N2 from the sweep gas, the exhaust gas contains ~10%
CO and very small amount of CO2 (about 0.1%). Thus the gas generated in the air electrode
side is predominantly CO at the operating temperature (1123 K), which is consistent with
the results from thermodynamic calculation. It also demonstrates that “CO shuttle” works
continuously in the air electrode side.
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2.3.4 ELECTRICITY CONSUMPTION AND ENERGY EFFICIENCY
Compared with heat and carbon sources, electricity is a more valuable energy
form. When the electrolysis cell is operated at thermoneutral voltage, only a small
amount of extra heat (4% of total energy input) is needed [1]. Furthermore, carbon
sources (coal and biomass) are typically cheap and abundant. Since electricity cost
is the major contributor for the production cost of syngas, the electrical efficiency
plays a decisive role in determining the economic competitiveness of this system.
Electricity input per unit of syngas production when the electrolysis cell is operated
at -0.4 A cm-2 is compared in different mode in Table. 2.01. In the CG assisted mode, the
total electrical energy needed is 13.8 kJ, which is even smaller than 1/15 of the
conventional mode (216 kJ). This substantial reduction in electricity consumption is due to
two reasons. On one hand, the portion of electrical energy for overcoming the potential
barrier is much smaller in the CG assisted mode compared with that in the conventional
mode. On the other hand, CO can be produced in the air electrode side of the CG assisted
mode. Consequently, more CO can be produced in the CG assisted mode for the same
amount of electricity consumed.
Although it has been shown that the introduction of carbon gasification in the
air electrode side can reduce the potential barrier and electricity consumption of
SOECs, the introduction of carbon source increases the input energy and the CG
process may lead to useful energy losses since some portion of the chemical energy
from carbon is converted into heat instead of electricity or chemical energy stored
in the syngas. Consequently, it is also necessary to evaluate the energy efficiency
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defined as how much energy is converted to the desirable product [73-75]. The
energy efficiency can be evaluated by the ratio of energy output and energy input.

Figure 2.07 I-total energy efficiency curves for the electrolysis cell operated in
conventional mode and CG assisted mode at 1123K.
Table 2.01 Comparison of electricity consumption for 1 mole
syngas production in the CG assisted and conventional mode.
Conventional
mode

CG assisted mode

Current density
(A cm-2)
Applied voltage (V)

-0.4
1.12

0.143

Electrical power (W)

0.448

0.0572

Electrical energy (kJ)

216

13.8

The results of efficiency calculation for both modes are shown in Fig.2.07. The
efficiency of the conventional mode increases significantly below 0.4 A cm-2 and rises
steadily when the current density exceeds about 0.8 A cm-2. This trend is similar to that in
the solid oxide steam electrolysis cells [73]. The efficiency curve of the CG assisted mode
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displays a similar trend, but it is always above the one in the conventional mode. For
instance, at an electrolysis current of -0.4 A cm-2, the efficiency of the CG assisted mode
(0.64) is 36% higher than that in the conventional mode (0.47). This demonstrates that the
introduction of carbon gasification in the air electrode side significantly improves the total
energy efficiency of the co-electrolysis.
2.4 CONCLUSIONS
In summary, we have demonstrated the feasibility of a novel and efficient syngas
generator (CG assisted co-electrolysis), in which the carbon gasification and the coelectrolysis are synergistically combined. Compared with the conventional SOECs, the
significant distinction of the CG assisted co-electrolysis is the introduction of carbon
gasification process in the air electrode side which can reduce the potential barrier by about
1 V. The most significant point is that the consumption of electrical energy is substantially
reduced and the total electrical energy efficiency is significantly increased. Moreover, the
operational voltage window is larger in the CG assisted mode. Therefore, CG assisted coelectrolysis shows great promise for eco-friendly and efficient utilization of coal/biomass
and CO2 to store energy and reduce the emission of CO2.
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CHAPTER 3 THE CO-ELECTROLYSIS OF CO2-H2O TO METHANE
VIA A NOVEL MICRO-TUBULAR ELECTROCHEMICAL REACTOR
3.1 BACKGROUND
Co-electrolysis of steam and CO2 in SOECs is a promising solution to convert CO2
and H2O to syngas for energy storage [1, 31, 43, 76-79]. The produced syngas can be
subsequently used as feedstock through the well-established Fischer-Tropsch (F-T) process
to produce hydrocarbons [1, 80]. In recent years, two-step system which separates the
SOECs and conventional F-T reactor has been studied extensively. Graves et al.[81] has
compared many possible technological pathways for recycling CO2 into fuels using
renewable or nuclear energy and concluded that SOEC is one of the most promising and
feasible routes to use CO2 and H2O to produce syngas, followed by converting syngas to
gasoline in F-T reactor. Becker et al. [82] has developed a model for syngas production by
SOEC and subsequent conversion to liquid fuels by a F-T process, predicting up to 54.8%
higher heating value (HHV) overall system efficiency for liquid hydrocarbon fuels.
However, the above-mentioned design of two separated steps has an inherent limitation:
long gas transport networks connecting two separated processes leads to extra cost and
large heat dissipation losses [83]. Therefore, integration of SOEC and F-T processes in a
single unit can potentially reduce the investment and increase the energy efficiency of
combined system. However, effective integration of these two processes meets significant
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technical challenges due to the difference in operating conditions. The typical operating
temperature of SOEC is from 873 K to1273 K [7, 8], while F-T process is often conducted
at 473~673 K [84].
Xie et al. [36] have reported that co-electrolysis of H2O-CO2 and in situ F-T synthesis
can be combined in an electrolyte-supported planar SOEC, but the CH4 yield is very low
(0.2%) due to the insufficient electrocatalytic reaction area and inadequate reaction
condition for the methanation. A similar CH4 yield of 0.286% was reported with hydrogen
electrode supported planar SOEC by Li et al.[85]. Although the feasibility of direct
synthesis of hydrocarbons through integration of H2O-CO2 co-electrolysis and methanation
process has been proven in these studies, CH4 yield is significantly low and it has to be
greatly improved for practical application. Recently, we have integrated SOEC and
methanation processes in a single tubular unit with 0.42 cm outer diameter and 0.35 cm
inner diameter, in which these two processes are realized due to the existence of
temperature gradient, resulting in a significant enhancement in CH4 yield of 11.84% [86].
Based on the above design, a 2D model has recently been developed to optimize the
operating condition of the system, such as ratio of H2-CO in the inlet gas stream,
electrolysis voltage, and operating temperature [83]. However, the influence of the
diameter of tubular SOEC on the device performance has yet to be investigated.
Micro-tubular solid oxide electrolysis cells (MT-SOECs) have recently been
extensively studied for H2O electrolysis, CO2 electrolysis and H2O-CO2 co-electrolysis[83,
87-92]. Compared with conventional tubular SOEC, MT-SOECs with outer diameter
smaller than 2 mm can provide greater thermal shock resistance, larger electrode area per
unit volume and higher volumetric factor. Therefore, in this chapter, integration of co-
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electrolysis and methanation process in a single micro-tubular reactor has been
implemented for the first time to further enhance the CH4 yield. The electrochemical
behaviour of the electrolysis process and catalytic behaviour of the methanation process
are evaluated. The effect of the inlet gas composition on the CH4 yield and CO2 conversion
rate is also studied.
3.2 EXPERIMENTAL
3.2.1 FABRICATION OF MICROTUBULAR REACTORS
Nickel oxide-yttria-stabilized zirconia (NiO-YSZ) hollow fibers were fabricated via a
combined extrusion and phase-inversion method [93, 94]. NiO (JT Baker, USA) and YSZ
(8 mol% yttria-stabilized zirconia, Tosoh Corporation, Japan) powders were used in this
study. The prepared hollow fibers were pre-sintered at 1373 K for 2h. YSZ film was then
coated on the pre-fired NiO-YSZ hollow fibers by a dip-coating method [95] and then cosintered at 1723 K for 5 h with a heating and cooling rate of 2 K min-1. YSZ-LSM
((La0.8Sr0.2)0.95MnO3-δ, Fuel Cell Materials Inc., USA) electrode was subsequently coated
on the surface of the YSZ electrolyte by brush painting, followed by firing at 1373 K for 2
h. The active YSZ-LSM electrode area is 1.0 cm2. A silver grid was printed on the surface
of the LSM-YSZ electrode as current collector, and silver wires were used as current leads.
3.2.2 CHARACTERIZATION
The microstructure of the micro-tubular reactor was examined using a scanning
electron microscope (SEM, Zeiss Ultra Plus FESEM, Germany). The cell performance
evaluation was carried out in a home-built high-temperature micro-tubular reactor setup,
as schematically shown in Fig. 3.01. For testing in the fuel cell mode, humidified H2 (3
vol.% H2O) was introduced to the Ni-YSZ electrode side. For testing in the co-electrolysis
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mode, H2, CO2 and H2O were fed to the Ni-YSZ electrode side. The cell polarization
characteristics, i.e., current-voltage (i-V) curves, and the cell electrochemical impedance
spectra (EIS) were recorded on an electrochemical test system (Versa STAT 3-400,
Princeton Applied Research, USA). For the EIS measurement, the frequency range was
from 1 MHz to 0.01 Hz with the AC amplitude of 30 mV. The exhaust gas from the NiYSZ electrode side was analyzed by a gas chromatograph (7890A, Agilent, USA).
3.3 RESULT AND DISCUSSIONS
3.3.1 WORKING PRINCIPLE AND CHARACTERIZATION

Figure 3.01 Schematic of micro-tubular reactor.
Fig. 3.01 schematically shows the micro-tubular reactor adopted in this study. There
are mainly two regions of the micro-tubular reactor: the electrolysis region and the
methanation region. A mini-mite furnace is used to provide uniform temperature zone for
the electrolysis region. Meanwhile the micro-tubular reactor is extended to the outside of
the furnace, where a gradient temperature zone from 573 to 473 K will be formed for the
methanation process. In experiment, the temperature in the region of methanation process
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is monitored by thermocouples. This design is capable of conducting various reactions as
following:
Reverse water gas shift reaction (RWGSR):
CO2+H2 → CO+ H2O
(3.01)
Co-electrolysis process:
2H2O→ 2H2+O2

(3.02)

2CO2→ 2CO+O2

(3.03)

CO2+4H2→CH4+2H2O

(3.04)

CO+3H2→ CH4+H2O

(3.05)

And methanation:

Reaction (3.04) and (3.05) are known as the Sabatier process and the reverse methane
steam reforming, respectively. Table 3.01 shows the Gibbs free energies of both reactions
at different temperatures. It can be seen that the Gibbs free energies of both reactions are
all negative, indicating that methanation process can take place spontaneously. From 473
K to 673 K, the Gibbs free energies of the reverse methane steam reforming are more
negative than those of the Sabatier process, suggesting that the reverse methane steam
reforming is thermodynamically more favorable. Therefore, electrolyzing CO2 to CO is
beneficial for the methanation process.
Table 3.01 Gibbs free energy (kJ/mol) of methanation reactions.
T (K)
473
573
673

CO2 + 4H2 = CH4+ 2H2O
(Sabatier process)
-81.029
-61.158
-40.596
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CO + 3H2= CH4 + H2O
(reverse methane steam reforming)
-102.498
-78.776
-54.523

In Fig. 3.02(a), a cross-sectional SEM image of the electrolysis region is shown. The
outer diameter of the electrolysis region is about 1.88 mm. It can be seen from Fig. 3.02(b)
that the electrolysis region contains three layers, namely: porous Ni-YSZ electrode, dense
YSZ electrolyte film and porous LSM-YSZ electrode. The thickness of Ni-YSZ electrode,
YSZ electrolyte, and LSM-YSZ electrode are 140 μm, 13 μm, and 30 μm, respectively.
The Ni-YSZ support shows sandwich-like microstructure, with finger-like macrovoids
near the lumen and outer sides and less porous layer in the middle, which is similar to our
previous study [94].

Figure 3.02 Microstructure of micro-tubular reactor, (a) low magnification SEM image of
the electrolysis region; (b) high magnification SEM image of the electrolysis region.
3.3.2 ELECTROCHEMICAL TEST
The electrochemical behavior of the micro-tubular reactor in the fuel cell mode is
studied, as shown in Fig. 3.03. Fig. 3.03(a) exhibits the voltage-current density relationship
recorded at 1023 K. The open circuit voltage (OCV) is larger than 1 V, indicating that the
electrolyte layer is reasonably dense, which is consistent with SEM image result shown in
Fig. 3.02(b). The maximum power density is about 350 mW cm-2. The impendence
spectrum under OCV is shown in Fig. 3.03 (b). The ohmic resistance (RΩ) is about 0.31 Ω
cm2, while the polarization resistance (Rp), mainly from the resistance of gas diffusion and
gas conversion in the air electrode and hydrogen electrode, is 0.76 Ω cm2, which is more

39

than twice of RΩ, suggesting that the Rp is the performance-limiting factor. The reason for
the large Rp may be due to the sandwich-like microstructure of the Ni-YSZ substrates used
in this study. Because of the existence of sponge-like layer in the center of the Ni-YSZ
support, as shown in Fig. 3.02 (a) and (b), gas diffusion may be hindered, leading to large
gas diffusion resistance. Moreover, the finger-like macro-voids adjacent to the interface
between the hydrogen electrode support and electrolyte film may reduce the effective
electrochemical reaction sites, i.e., triple phase boundaries (TPBs), resulting in large
resistance of gas conversion and increased polarization resistance, consistent with our
previous studies [93, 96]. However, the hydrogen electrode support with this sandwichlike microstructure possesses relatively high mechanical strength and excellent thermal
shock resistance [94], which is beneficial for mechanical robustness of the micro-tubular
reactors for the integrated electrolysis and methanation process , especially in the zone of
temperature gradient.

Figure 3.03 Electrochemical test of the electrolysis region in fuel cell mode with H2 as
fuel at 1023 K, (a) I-V curve; (b) Electrochemical impedance spectrum under OCV.
The electrochemical behavior of the micro-tubular reactor in the electrolysis mode is
recorded and shown in Fig. 3.04. The flow rate in all cases is 18.75 sccm. In Fig. 3.04 (a),
the I-V curves of the co-electrolysis with different ratio of H2: CO2 in the inlet are
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presented. It can be found that the absolute current densities increase with the increase of
the applied voltage and increasing the concentration of CO2 in the inlet can improve the
electrolysis performance. For example, to obtain a current density of -0.32 A cm-2, 1.42 V
is required in the case of 10.7% CO2-69.3% H2-20% H2O while the required voltage drops
to 1.34 V in the case of 32% CO2-48%H2-20%H2O. This can be explained by the more
sufficient supply of reactants for electrolysis with higher concentration of CO2. It has been
reported that in the H2O-CO2 co-electrolysis, H2O electrolysis is the dominant process due
to the higher adsorption rate of H2O compared with that of CO2 and the generation of CO
is mainly from the RWGSR [97-99]. However, it has also been reported [25] that the
contribution of RWGSR to CO production depends on the operating temperature and inlet
gas composition from modeling the co-electrolysis of H2O and CO2. Therefore, when the
voltage higher than the OCV is applied, H2O or CO2 will be electrochemically split to
generate H2 or CO.
The impedance spectra at 1.3 V are shown in Fig. 3.04 (b). In these three conditions,
the RΩ values under 1.3 V are the same (about 0.31 Ω cm2) and also similar to that in the
fuel cell mode. Among these three conditions, the Rp of 10.7%CO2-69.3%H2-20.0%H2O
is the largest (0.95 Ω cm2), while the Rp of 32.0%CO2-48.0%H2-20.0%H2O is the smallest
(0.57 Ω cm2), which is consistent with the trend of the i-V curves, indicating that increasing
the CO2 concentration can decrease the Rp of the electrolysis cell and improve the
electrolysis performance.
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Figure 3.04 Electrochemical test of the electrolysis region in the electrolysis mode at
1023 K, (a) I-V curves; (b) impendence spectra under 1.3V. The inlet steam carrier is 15
sccm CO2-H2 with 20 vol% humidity.

3.3.3 ANALYSIS OF GAS COMPOSITION AND STABILITY
The exhaust gases of the micro tubular reactor during different operation condition
were analyzed by GC and the results are shown in Fig. 3.05. Because the thermal
conductivity detector (TCD) in GC cannot analyze water, the produced water in the exit
gas stream in the system was condensed into a container before the exhaust gas stream is
fed to GC. Fig. 3.05 (a) shows the gas composition of the exhaust when the inlet gas
composition is 10.7%CO2, 69.3% H2 and 20.0% H2O. When the micro-tubular reactor is
operated under OCV (a.1), the feed gas flows through the electrolysis region directly
without any electrochemical reaction. Subsequently, in the methanation region containing
Ni catalyst which is located on the inner wall of micro-tubular unit, H2 will react with CO
or CO2 to generate CH4 through the methanation process (Eq.3.04 and 3.05). From the pie
chart in Fig. 3.05 (a.1), it can be seen that the percentage of CH4 is about 12.3±0.3%, while
the percentage of CO2 and CO are 7.1±0.1% and 1.0±0.1% respectively. Besides CH4, CO2
and CO, the remaining component of the exhaust is H2 (79.6±0.6%).
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Figure 3.05 Gas composition in the exhaust (a) with the inlet gas composition:
10.7%CO2-69.3%H2-20%H2O; (b) with the inlet gas composition: 21.3%CO2-58.7% H220.0% H2O; and (c) with inlet gas composition: 32.0%CO2-48.0%H2-20.0%H2O.
From Fig. 3.05 (a.2), it can be seen that when the micro-tubular reactor is operated
under -0.32 A, the CH4 yield in the exhaust stream increases to 21.1±0.4%, while the CO2
concentration decreases to 3.1±0.1% and CO concentration remains stable at 1.0±0.1%.
During the operation, the feed stream flows through the micro-tubular reactor where
electrochemically splitting of H2O and/or CO2 and correspondingly generation of H2 and/or
CO take place in the electrolysis region. According to the Faraday’s law, assuming 100%
current efficiency, a current of -0.32 A will consume 2.23 sccm of H2O or CO2 and generate
2.23 sccm of H2 or CO. Consequently, in the methanation region, the gas in the micro-
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tubular reactor will contain more H2 and CO under a current of -0.32 A, compared with the
operation under OCV. The reaction rates (RRMSR) of the reverse methane steam reforming
(reaction (3.05)) can be calculated by equation (I) [100]:
𝑝𝑐𝑜 (𝑝𝐻2 )3

𝑅𝑅𝑀𝑆𝑅 = 𝐾𝑟𝑓 (

𝐾𝑃𝑅

− 𝑝𝐶𝐻4 𝑝𝐻2𝑂 )

(I)

where Krf and KPR are the reaction constants, px is the partial pressure of gas. From equation
(I), it can be found that the reaction rate is strongly related to the partial pressure of H2/CO
and less to the partial pressure of H2O/CH4. Therefore, compared with the OCV condition,
the operation of the electrolysis region under -0.32 A can increase the partial pressure of
H2/CO and decrease the partial pressure of H2O, resulting in higher CH4 yield.
Operation condition of the electrolysis region and the CH4 yield in different studies
are compared in Table 3.02. It can be seen that the methane yields in tubular and microtubular SOEC (11.84% and 21.1%) are much higher than those in planar cells (0.2%0.286%), which is attributed to the efficient integration of high temperature co-electrolysis
and low temperature methanation processes. Moreover, under the similar applied current
(-0.33 A at 1.3V [86] and -0.32 A at 1.42 V in this study), the same inlet gas composition
and flow rate (18.75 sccm), the CH4 yield in micro-tubular reactor (21.1%) is almost twice
of that in tubular SOEC (11.84%), which is possibly due to the application of micro-tubular
reactor using tubes with smaller diameter. For a tubular unit, the volume of reactant gas
inside a tube can be calculated by equation (II):
1

𝑉𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 = 𝜋𝑑2 𝑙

(II)

4

where d is the inner diameter of the tube, and l is the length of the tube. The catalyst for
the methanation reaction is metal Ni in this study, which is located on the surface of the
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inner wall of the tube. The catalyst surface area in a tube is proportional to the inner surface
area of a tube and can be calculated by equation (III):
𝑆𝑐𝑎𝑡𝑎 = 𝜋𝑑𝑙𝐶

(III)

where C is a constant related to the surface area of the catalyst and microstructure and
thickness of the Ni-YSZ electrode. Therefore, the ratio between 𝑆𝑐𝑎𝑡𝑎 and 𝑉𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 is equal
to 𝑑4 𝐶 . Assuming that the surface area of the catalyst as well as the microstructure and
thickness for different Ni-YSZ electrode are similar (i.e., similar C), a smaller d will result
in a larger ratio between 𝑆𝑐𝑎𝑡𝑎 and 𝑉𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 , implying more catalyst surface area for a specific
volume of reactant. Therefore, the micro-tubular reactor adopted in this study, with small
inner diameter (d) micro-tube, provides large catalyst area for the methanation process,
resulting in a remarkable enhancement in CH4 yield rate. Furthermore, according to the
definition of space velocity for a reactor (the quotient of the volumetric flow rate of the
reactants divided by the reactor volume), the space velocity of micro tubular reactor in this
study is 56.3 min-1, which is larger than that in our previous study (16.9 min-1). This
indicates that micro-reactor is able to process more reactants in unit time, which is
contributed by high volumetric factor of micro-tubular reactor.
To investigate the effect of the inlet gas composition on the CH4 yield, the ratio of
H:C in the inlet is changed from 16.69:1 (10.7%CO2-69.3%H2-20%H2O) to 7.39:1
(21.3%CO2-58.7%H2-20.0%H2O). In Fig. 3.05(b.1), when the inlet gas composition is
21.3%CO2-58.7% H2-20.0% H2O and the electrolysis region is under OCV, the percentage
of CH4 and CO2 are 13.6±1.0% and 25.6±0.3% respectively. Fig. 3.05(b.2) shows that the
operation of the electrolysis region with -0.32 A increases the proportion of CH4 to
23.1±0.8% and decreases the proportion of CO2 to 21.1±0.6%.
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Table 3.02 Direct synthesis of methane in solid oxide electrolysis cells
Configuration of
electrolysis cell

Inlet gas
composition (vol.)

Methane yield
(%)

Ref.

Planar cell,
La0.8Sr0.2TiO3+δ /YSZ/
(La0.8Sr0.2)0.95MnO3-δ

66.7% CO2,33.3%
H2O

0.2

[36]

Planar cell,
Ni-ScSZ /ScSZ/ LSMScSZ

14.3% CO2,28.6%
H2O, 14.3% H2,
42.8% Ar

0.286

[85]

Tubular cell,
Ni-YSZ /YSZ/ LSMYSZ

11.4% CO2,68.6%
H2, 20.0% H2O

11.84

[101]

Micro tubular cell,
Ni-YSZ /YSZ/ LSMYSZ

10.7% CO2,69.3%
H2, 20.0% H2O

21.1

This study

Table 3.03 CO2 conversion ratio, CH4 yield ratio and CH4 yield rate
Inlet gas composition
(sccm)

10.7% CO2,
69.3% H2,
20.0% H2O

21.3% CO2,
58.7% H2,
20.0% H2O

32.0% CO2,
48,0% H2,
20.0%H2O

Operation condition
of SOEC

OCV

-0.32 A

OCV

CO2 conversion ratio
(%)

64.9

87.7

41.9

55.3

28.9

34.2

CH4 yield ratio (%)

60.3

83.7

30.9

49.0

14.4

27.0

CH4 yield rate (sccm)

1.21

1.67

1.24

1.96

0.87

1.62

-0.32 A OCV

-0.32 A

In the third condition, the ratio of H:C is reduced to 4.25:1 (32%CO2-48%H2-20%H2O)
and the results are displayed in Fig. 3.05 (c). When the electrolysis region is under OCV,
CH4 consists only 8.1±0.2% of the exhaust and CO2 accounts for 39.8±0.6% of the exhaust.
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In Fig. 3.05(c.2), it is found that compared with the electrolysis region under OCV, the
operation of electrolysis region with -0.32 A, the proportion of CH4 in the exhaust almost
doubles (15.6±0.3%), but the proportion of CO2 is only slightly reduced to 38.0±0.5%.
According to the results shown in Fig. 3.05, CH4 yield and CO2 conversion ratio are
calculated. The CH4 yield ratio can be calculated by equation (IV):
[𝐶𝐻4 ]
]+[𝐶𝑂]+[𝐶𝑂
4
2]

𝐶𝐻4 𝑦𝑖𝑒𝑙𝑑 𝑟𝑎𝑡𝑖𝑜 = [𝐶𝐻

(IV)

And the CO2 conversion ratio can be calculated by equation (V):
[𝐶𝐻4 ]+[𝐶𝑂]

𝐶𝑂2 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜 = [𝐶𝐻

4 ]+[𝐶𝑂]+[𝐶𝑂2 ]

(V)

And the CH4 yield rate (sccm) can be calculated by equation (VI):
𝐶𝐻4 𝑦𝑖𝑒𝑙𝑑 𝑟𝑎𝑡𝑒 = [𝐶𝐻

[𝐶𝐻4 ]

4 ]+[𝐶𝑂]+[𝐶𝑂2 ]

× 𝑉𝐶𝑂2

(VI)

where, [X] (X=CH4, CO, CO2) is the percentage of gas and VCO2 is the flow rate of CO2 in
the inlet, respectively.
The calculated results under different operation conditions are compared in Table 3.03.
In all the cases, it is clear that compared with the electrolysis region under OCV, the
operation of electrolysis region with -0.32 A can improve the CO2 conversion ratio, the
CH4 yield ratio and the CH4 yield rate. The maximum CO2 conversion ratio (87.7%) and
CH4 yield ratio (83.7%) are achieved in the case of 10.7%CO2-69.3%H2-20.0% H2O and 0.32 A. However, increasing the concentration of CO2 results in a decline of the CO2
conversion ratio as well as the CH4 yield ratio. In terms of the CH4 yield rate, with an
applied current of -0.32A, 1.67 sccm and 1.62 sccm of CH4 are produced in the case of
10.7%CO2-69.3%H2-20.0%H2O and 32.0%CO2-48.0%H2-20.0%H2O, respectively, which
are smaller than that (1.96 sccm) of 21.3%CO2-58.7% H2-20.0% H2O. When the H:C ratio
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is decreased from 16.69:1 to 7.39:1 and then to 4.25:1, CH4 yield rate increases with the
decrease in the H:C ratio, reaching a maximum, and then decreases with further decrease
in the H:C ratio. This trend is consistent with the modeling results [100], which can be
explain by the “CO starvation” in the methanation section at high ratio of H:C and “H2
starvation” in the methanation section at low ratio of H:C.

Figure 3.06 Short term stability of the micro-tubular reactor (a) stability of the
electrolysis region and (b) the gas composition in the exhaust.

Fig. 3.06 shows the short-term stability of the micro-tubular reactor in the case of the
inlet gas stream of 21.3%CO2-58.7% H2-20.0% H2O under an electrolysis current of -0.32
A. When the constant current of -0.32 A is applied, the cell is relatively stable at 1.35 V
during the operation. From Fig. 3.06 (b), it can be seen that the percentage of CH4 in the
exhaust stream is stable at about 23.1% and the proportion of CO2 and CO is relatively
stable at 21.1% and 3.0%, respectively.
To check whether there is any coking problem of the Ni-YSZ substrate in the
methanation region and the electrolysis region, microstructure of the Ni-YSZ substrate
before and after the stability test is characterized by SEM, as shown in Fig. 3.07. The
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morphology of the Ni-YSZ substrate is unchanged before and after the stability test.
Furthermore, as shown in Fig. 3.07(b) and 3.07(c), there are no observable deposition of
amorphous carbon or fiber carbon on the surface of the Ni-YSZ substrate, suggesting that
coking is not an issue for the Ni-YSZ substrate in both the methanation region and the
electrolysis region. This is consistent with stable CH4 yield in Fig. 3.06 (b).

Figure 3.07 SEM images of the Ni-YSZ substrate (a) before the stability test; (b) after the
stability test in the methanation region and (c) after the stability test in the electrolysis
region.
3.4 CONCLUSIONS
In this work, high temperature co-electrolysis and low temperature methanation
processes are successfully combined into a single micro-tubular reactor. Direct
synthesis of CH4 is realized from electrolysis of CO 2- H2O. Because the micro-tubular
reactor can provide large catalyst area for specific volume of the reactant gas, a
remarkably enhanced CH 4 yield, up to 21.1%, can be achieved, along with CO 2
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conversion ratio of 87.7%, when the inlet gas stream is 10.7% CO 2-69.3%H220.0%H2O and the electrolysis region is operated with a current of -0.32 A. This novel
design provides an alternative way for CO 2 utilization and energy storage.
Furthermore, it is found that decreasing the ratio of H:C in the inlet gas stream leads to
a decline in the CO2 conversion ratio and the CH 4 yield ratio, respectively. Among the
conditions studied in the work, the highest CH 4 yield rate (1.96 sccm) is obtained when
the inlet gas stream is 21.3% CO 2-58.7% H2-20.0% H2O and the electrolysis region is
operated with -0.32 A, which is due to the proper ratio of reactants for the methanation
reaction.

50

CHAPTER 4 INTERMEDIATE-TEMPERATURE SOLID OXIDE
ELECTROLYSIS CELLS WITH THIN PROTON-CONDUCTING
ELECTROLYTE AND ROBUST AIR ELECTRODE
4.1 BACKGROUND
Renewable and clean energy supplies, such as solar, wind, tidal and hydropower, are
developed rapidly around the world. However, the site-specific and intermittent nature of
these renewable and clean energy sources do not always meet the market needs. In order
to maintain a continuous and sustainable energy supply to match with consumers’ demand,
durable and affordable large scale electricity storage is indispensable[18]. One efficient
way for electricity storage is to convert electricity to fuel (energy carriers) such as hydrogen,
through electrolysis. Solid oxide electrolysis cells (SOECs) at elevated temperatures are
attracting the highest attention because they can benefit from reduced electricity
consumption and do not need noble metal catalysts[7, 9, 17, 25, 79, 102, 103].
The state-of-the-art SOECs are the reversed operation of solid oxide fuel cells
(SOFCs), comprising of an oxygen-ion conducting electrolyte of YSZ (yttria-stabilized
zirconia), a hydrogen electrode of YSZ-Ni cermet, and an air electrode of mixed ionic and
electronic conducting (MIEC) oxides[102, 104]. However, the typical high operating
temperature of 1023-1273 K results in high performance degradation rate in the range of
1-4%/1000h and high material cost. Furthermore, the Ni-based fuel electrolyte tends to be
oxidized by steam in oxygen-ion-conducting SOECs (O-SOECs), leading to cell
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performance degradation[105, 106]. Most significantly, the air electrode has been observed
to delaminate due to elevated oxygen pressures at the electrolyte/air electrode interface[21].
The intermediate temperature (IT) SOECs (773-973 K) have gained much attention
recently since they can potentially improve durability, reduce materials issues, increase
nanostructure stability, expand heat source choice, reduce BOP cost, and improve system
efficiency. The well-known IT oxygen-ion conducting electrolytes of doped CeO2 and
La0.9Sr0.1Ga0.8Mg0.2O3-δ (LSGM) have been tested for IT-SOECs. However, LSGM is
suffering serious reactions with both Ni on the fuel electrode and MIEC oxide on the air
electrode[7]. The doped CeO2 is suffering high electronic leakage due to the reduction of
Ce4+ to Ce3+ at high electrolysis potential[7]. Compared with oxygen ion conductors,
proton-conducting electrolytes, typically ABO3 (A=Ba, Sr; B=Ce, Zr) perovskite-type
oxides[7, 9, 18] offer some unique advantages for SOECs. First, proton conductor shows
higher ionic conductivity than that of ceria-based oxygen ion conductor in the intermediate
temperature range[107]. Lowering the operation temperature of SOECs can reduce the
manufacture and materials cost of the SOEC system, have wider material choices for
interconnects and seals, and mitigate the stability issues caused by the high operation
temperature[108]. Second, since hydrogen is evolved from the fuel electrode while the
electrolyte/fuel electrode is typically co-sintered and has a strong interface, this helps
mitigate the electrolyte/electrode delamination problems often found for O-SOECs. Third,
from a system perspective, the O-SOECs with the oxygen-conducting electrolyte are
further challenged by the fact that the primary H2 product must be subsequently separated
from water/H2 mix that flows from the fuel electrode exhaust. However, in protonconducting SOECs (H-SOECs) with proton-conducting electrolyte, steam is fed from the
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air electrode side while pure and dry hydrogen is produced at the fuel electrode side. Thus,
the gas separation step is not needed, which can simplify the system and reduce the cost of
operation[109].
Although H-SOECs have the above-mentioned unique merits over O-SOECs, the
development of H-SOECs is far behind that of O-SOECs, due to some critical technical
challenges. The electrolyte material is required to be stable in H2O-containing atmosphere
in the operating conditions. However, proton-conducting cerate oxides, which are the mostwidely investigated material for proton-conducting solid oxide fuel cells (H-SOFCs), have
been shown to be chemically unstable in H2O-containing atmosphere both
thermodynamically[13] and experimentally[14] at typical cell operating conditions. Even
partial Zr-doping for cerates cannot completely stabilize the proton conducting cerates in
H2O-containing atmosphere[15, 16]. On the contrary, proton-conducting zirconate oxides
have been proven to be chemically stable in H2O-containing atmosphere[17, 18], making
them the choice electrolyte for H-SOECs. However, the high grain boundary resistance
and the poor sinterability of proton-conducting zirconate oxides constrain their
development[16, 110-113].
To the best of our knowledge, there have been very limited studies on H-SOECs with
zirconate proton conducting electrolyte. Recently, Bi et al.[17] have reported that HSOECs with BZY (BaZr0.8Y0.2O3-δ) thin electrolyte and LSCF (La0.6Sr0.4Co0.2Fe0.8O3-δ)BZY air electrode show promising electrolysis performance. However, LSCF is the
conventional air electrode material for SOFC and its stability in H2O-containing
atmosphere is a serious concern, especially at intermediate temperature range of 773-973
K[27, 114].
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Sr2Fe1.5Mo0.5O6-δ (SFM), a redox stable perovskite[67] has been evaluated as
symmetrical electrode material in O-SOECs for H2O electrolysis and H2O-CO2 coelectrolysis[67, 70, 79, 115] and shown stable and promising cell performance. Therefore,
in this chapter, H-SOECs, with robust SFM-BZY air electrode, thin BZY electrolyte and
Ni-BZY fuel electrode, are fabricated and characterized, as shown in Fig. 4.01. 1wt.% NiO
is added to the thin BZY electrolyte as sintering aid to improve the sinterability of BZY.

Figure 4.01 Schematic of proton conducting solid oxide electrolysis cell with SFM as the
air electrode.
4. 2 EXPERIMENTAL
4.2.1 SYNTHESIS AND CHARACTERIZATION OF MATERIALS
The SFM powders were synthesized by a glycine and citric acid assisted combustion
method[67]. Stoichiometric amounts of salt solution precursors Sr(NO3)2 (Alfa Aesar 99%),
Fe(NO3)3 (Alfa Aesar 99%) and (NH4)6Mo7O24·4H2O (Alfa Aesar 99.9%) were mixed
together. Glycine and citric acid were added to the solution as the chelating agent and
combustion-assisting chemicals. The precursor solution was subsequently heated on a hot
plate until self-combustion occurred. The as-prepared ash was heat-treated at 1323 K for 5
h to form the perovskite structure.
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The BZY powders were synthesized by a combined EDTA-citric acid method[116].
Metal nitrate precursors Ba(NO3)2 (Alfa Aesar 99%), ZrO(NO3)2·xH2O (Alfa Aesar
99.9%) and Y(NO3)2·6H2O (Alfa Aesar 99.9%) were dissolved in deionized water and
titrated by ethylenediaminetetraacetic acid (EDTA). Stoichiometric amounts of metal
nitrate solutions were mixed in a beaker and heated at 353 K under stirring. EDTA and
citric acid were added to the solution as the chelating agent, with the molar ratio of EDTA/
citric acid/ total metal cations at 1:1.5:1. The pH value of the solution was adjusted by
ammonia additions to a value of approximately 8. An appropriate amount of ammonium
nitrate was then added to trigger combustion. The precursor solution was subsequently
heated on a hot plate until self-combustion occurred. The as-prepared ash was heat-treated
at 1373 K for 10 h to form the perovskite structure.
To evaluate the chemical compatibility between SFM and BZY and chemical stability
of SFM in 20%H2O-air, X-ray diffraction (Rigaku MiniFlex II, with Cu Kα radiation and
a D/teX silicon strip detector) was used to identify the crystal structures of the samples
after each heat treatment.
4.2.2 FABRICATION AND CHARACTERIZATION
To study the electrochemical performance of SFM-BZY air electrode, symmetrical
cells were fabricated using BZY electrolyte. BZY powders and NiO powders (JT-Baker,
USA) were mixed with weight ratio of 100:1. The mixed powders were used to prepare
dense BZY pellets (10.3 mm in diameter and 0.5 mm in thickness) by dry-pressing and
then sintering at 1723 K for 5 h. The SFM-BZY (6:4 in weight ratio) composite electrode
with an effective area of 0.33 cm2 was applied onto both sides of the BZY pellets by brushpainting SFM-BZY paste and then heat-treated at 1373 K for 2 h.
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NiO-BZY fuel electrode supported cells with thin BZY electrolyte and SFM-BZY air
electrode were fabricated by dry-pressing, drop-coating and brush-painting method. NiO
powders, BZY powders and carbon black (average particle size: 1 μm) were mixed with
weight ratio of 5.5:4.5:2. The mixed powders were used to prepare the NiO-BZY electrode
substrates (10.4 mm in diameter and 0.3 mm in thickness after sintering at 1723 K) by drypressing and then firing at 873 K for 2 h.
The BZY electrolyte slurry was prepared by mixing and ball milling BZY powders
and NiO powders (1.0 wt.% of BZY), using ethanol as solvent, TEA as dispersant,
Polyvinylbutyral (PVB) as polymer binder, Dibutyl phthalate (DBP) and (polyethylene
glycol-600) PEG-600 as plasticizers[117, 118]. BZY electrolyte layer was then deposited
on the NiO-BZY substrates by a drop-coating method, followed by sintering at 1723 K for
5 h. The SFM-BZY composite electrode with an effective area of 0.33 cm2 was applied
onto the surface of the BZY electrolyte by brush-painting SFM-BZY paste and then
sintering at 1373 K for 2 h.
The SFM-BZY/BZY/SFM-BZY symmetrical cells were placed in a cell fixture and
then tested in an atmosphere furnace. Wet air (3% H2O) was fed to the furnace.
Electrochemical impedance spectra (EIS) of the symmetrical cells were recorded from 737
K to 973 K with an amplitude of 30 mV.
Schematic of the experimental apparatus for the single cell electrochemical
performance measurement was shown in our previous study[119]. The prepared single
cells were attached onto one end of an alumina tube using an electrical conductive paste
(DAD-87, Shanghai Research Institute of Synthetic Resins, China) and high temperature
ceramic adhesives (552-1105, Aremco, USA) as joining and sealing material, respectively.
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4 ml min-1 H2 (10 vol.%) and 36 ml min-1 N2 (90 vol.%) were introduced to the hydrogen
electrode side, while 30 ml min-1 air (3% H2O) was introduced to the air electrode side.
The flow rates of air, H2 and N2 were controlled by mass flow controllers (APEX,
Schoonover, USA). Electrochemical characterizations for the single cells were conducted
on an electrochemical test system (Versa STAT 3-400, Princeton Applied Research, USA).
The I-V curves were recorded with a voltage sweep speed of 0.03 V s-1. The exhaust gas
from the Ni-BZY electrode side was analyzed by a gas chromatograph (7890A, Agilent,
USA).
Microstructures of the single cells before and after the electrochemical test were
examined by scanning electron microscope (SEM, Zeiss Ultra Plus FESEM).
4.3 RESULT AND DISCUSSIONS
The chemical compatibility of SFM with BZY has been investigated, as shown in Fig.
4.02 (a). The XRD patterns of SFM and BZY reveal perovskite structure without any
secondary phase, suggesting that single phase SFM and BZY have been synthesized
successfully. SFM and BZY powders were then mixed with weight ratio of 1:1 and heat
treated at 1373 K for 5 h. The XRD pattern of the mixture reveals only SFM and BZY
phases, demonstrating that SFM and BZY is chemically compatible at 1373 K.
The chemical stability of the air electrode material for H-SOECs in atmosphere
containing high humidity is indispensable for durable electrolysis performance. Therefore,
the chemical stability of SFM in 20% H2O-80% air was evaluated at 873 K for 50 h, and
XRD patterns of SFM before and after the exposure in high steam content are shown in
Fig. 4.02 (b), revealing no obvious change after steam treatment, indicating that SFM is
stable in atmosphere containing high humidity. By contrast, the chemical stability of LSCF
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is also studied in 20% H2O-80% air at 873 K for 50 h, and the corresponding results are
presented in Fig. 4.03. It is obvious that XRD peaks corresponding to Sr(OH)2 are detected
after steam treatment. The formation of Sr(OH)2 may block the active surface of LSCF,
leading to degradation of the electrolysis performance. The degradation of performance of
LSCF in 10% H2O-air at 973 K has also been reported by Liu et al.[114].

Figure 4.02 XRD patterns showing (a) chemical compatibility between SFM and BZY
(b) the stability of SFM in 20%H2O-air at 873 K.
Ni-GDC

Figure 4.03 The stability of LSCF in 20%H2O-Air at 873 K.
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Figure 4.04 Electrochemical characterization of symmetrical cell (a) Impedance spectra
in wet air (3% H2O) at 873 K and its equilibrium circuit; (b) Arrhenius plot of
polarization resistances.
To evaluate the electrochemical performance of SFM-BZY electrode, the impedance
spectra of symmetrical cells with SFM-BZY electrode were recorded in wet air (3% H2O),
as shown Fig.4.04. In Fig. 4.04 (a), the impedance spectrum at 873 K and its corresponding
equilibrium circuit are presented. The R1, R2 and R3 in the equilibrium circuit are the
electrolyte ohmic resistance, and the electrode polarization resistance at high and low
frequency, respectively. Zhao et al.[120] reported an area-specific resistance (ASR) of
1.668 Ω cm2 at 873 K for composite air electrode PrBaCo2O5-δ–BaZr0.1Ce0.7Y0.2O3-δ for HSOFC, while another composite air electrode of Sm0.8Sr0.2CoO3-δ–BaCe0.8Sm0.2O3-δ with
an ASR of 0.67 Ω cm2 at 873 K was reported by Wu et al.[121]. In this study, the ASR of
SFM-BZY is only 0.48 Ω cm2 at 873 K, suggesting that this air electrode has good catalytic
activity for the H-SOEC. Fig. 4.04 (b) shows the ASRs versus reciprocal temperature for
SFM-BZY electrode in wet air. The activation energy of SFM-BZY is 58.2 kJ mol-1, which
is lower than PrBaCo2O5-δ–BaZr0.1Ce0.7Y0.2O3-δ (82.3 kJ mol-1) in our previous study[120].
This relatively small activation energy shows that SFM-BZY can potentially be a
promising air electrode material for H-SOEC in intermediate temperature range.
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Figure 4.05 SEM image (a) the cross section of single cell; (b) the surface of the BZY
electrolyte; (c) the microstructure of SFM-BZY electrode at low magnification; (d) the
microstructure of SFM-BZY electrode at high magnification.

Fig. 4.05 shows the microstructure of Ni-BZY electrode supported cell with thin BZY
electrolyte, porous Ni-BZY fuel electrode, and porous SFM-BZY air electrode. From Fig.
4.05 (a), it can be seen that the Ni-BZY fuel electrode and SFM-BZY air electrode show
sponge-like porous microstructure, while BZY electrolyte between these two porous
electrodes is relatively dense and about 16 μm in thickness. The microstructure of the
surface of the BZY electrolyte, fabricated by drop-coating method[117, 118, 122, 123] with
1.0 wt.% NiO as sintering aid[124, 125], is displayed in Fig. 4.05 (b). The BZY grains are
tightly packed without any obvious pores, indicating that the electrolyte is sufficiently
dense to separate the gas at one electrode side from the other electrode side. Compared
with thick electrolyte in electrolyte-supported cells [126], this thin electrolyte can
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effectively reduce the ohmic resistance of the cells, enabling the electrolysis cells to be
operated at lower temperatures.
The microstructure of SFM-BZY electrode was also characterized by SEM, as shown
in Fig. 4.05 (c) and (d). The SFM-BZY air electrode is relatively porous, which is beneficial
to the gas diffusion in the electrode. In addition, the particles form connected network,
which provides pathway for the transportation of ions and electrons. At high magnification,
it can be seen that the size of the SFM-BZY grains is very small (less than 100 nm). This
small grain size of SFM-BZY air electrode can provide large specific surface area (reaction
sites) for gas conversion reaction. Therefore, this unique nano-sized microstructure has
resulted in low ASR value and small activation energy of SFM-BZY air electrode shown
in Fig. 4.04.
The electrochemical performance of single cell in the fuel cell mode is shown in Fig.
4.06. The OCVs of single cells are above 0.9 V in all tested conditions, indicating that the
electrolyte layer is reasonably dense, which is consistent with the SEM images in Fig. 4.05.
The single cell shows reasonable performance in the fuel cell mode. At 873 K, the ohmic
resistance is 1.03 Ω cm2, which is larger than the polarization resistance of 0.65 Ω cm2,
suggesting that the main limiting factor for the performance of single cells is the ohmic
resistance. The electrochemical performance of single cells in this study is compared with
those using the traditional LSCF air electrode in the literature[127, 128]. From Table 4.01,
it can be seen that the polarization resistance of single cells with SFM-BZY electrode in
this study is 0.65 Ω cm2, which is smaller than those with the traditional LSCF air electrode
reported in the literature (3.18 Ω cm2 and 1.19 Ω cm2) at similar testing conditions.
Consequently, single cells with SFM-BZY air electrode have smaller polarization
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resistance and higher maximum powder density than those with the traditional LSCF, as
shown in Table 4.01. According to the above comparison of the electrochemical
performance and stability test in Fig. 4.02 (b) and Fig. 4.06, SFM is a better candidate than
the traditional LSCF as the air electrode material of proton conducting solid oxide fuel cells
and solid oxide electrolysis cells.

Figure 4.06 Electrochemical performance of single cells in the fuel cell mode (a) I-V
curves at different temperatures; (b) Impedance spectrum under OCV at 873 K.
In the electrolysis mode, the I-V curves of the single cells with SFM-BZY electrode
are recorded, as shown in Fig. 4.07. It can be found that the absolute current densities
increase with the increase of the applied voltage and temperature. For example, when the
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applied voltage is 1.3 V, the current densities are -100 mA cm-2, -210 mA cm-2 and -310
mA cm-2 at 823 K, 873 K and 923 K respectively.
Table 4.01 Comparison of the performance of typical H-SOFCs with BZY as the
electrolyte
Configuration
of electrolysis cell

Operation Polarization
temperature resistance
(K)
(Ω cm2)

LSCF -BZYP
(BaZr0.7Y0.2Pr0.1O3-δ)/
BZY20 (30 μm)/Ni-BZY

873

3.18

Maximum
Power
Density
(W cm-2)
0.050

Ref.
(year)

LSCF /BZY20 (5 μm)
/Ni-YSZ

873

1.19

0.080

[127]
2015

SFM-BZY /BZY20 (16 μm)
/Ni-BZY

873

0.65

0.094

This
study

[128]
2011

Figure 4.07 I-V curves of single cell in electrolysis mode (3%H2O-air in air electrode,
90%N2-10%H2 in air electrode).
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Figure 4.08 Short term stability in electrolysis mode (a) Current vs time; (b) SEM image
of SFM-BZY air electrode after the stability test; (c) Hydrogen evolution rate and
faradaic efficiency.
To investigate the stability of the H-SOECs with SFM-BZY air electrode, the HSOECs were operated at 1.3 V for 100 h, as shown in Fig. 4.08 (a). The reason why 1.3 V
is selected as the operating condition is that 1.3 V is close to the thermal neutral voltage of
steam electrolysis (1.28 V at 873 K). During the stability test, the current density is slightly
increased initially and then becomes stable at about -190 mA cm-2. The current density at
steady state is slightly smaller than that at transient state recorded by the I-V curves (-210
mA cm-2 as shown from Fig. 4.07). This difference is probably due to the fact that the
influence of gas diffusion is different at transient state and at steady state. Fig. 4.08 (b)
shows the microstructure of the SFM-BZY air electrode after the stability test. The SFMBZY air electrode is still very porous and no obvious grain growth is observable,
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suggesting that the nano-structured SFM-BZY air electrode is stable during the electrolysis
operation at 873 K. To date, the reports concerning the stability of H-SOECs are very few,
which may be due to the instability of the electrolyte or the air electrode material. Iwahara
et al. [129] and Gan et al.[77] have reported stability test of H-SOECs, however the test
time is less than 10 h. Bi et al. [17] have reported the durability of H-SOECs with LSCF
as the air electrode, but the chemical stability of LSCF in steam shows serious issue.
To measure the actual hydrogen evolution rate during the stability test, the exhaust in
the hydrogen electrode side was analyzed by GC, as shown in Fig. 4.08 (c). After the
electrolysis current was stable after 5 h, the actual hydrogen evolution rate is stable at 0.278
ml min-1 cm-2. In theory, -190 mA cm-2 would generate 0.437 ml min-1 H2, when the
faradaic efficiency of the electrolysis is 100%. Therefore, the actual faradaic efficiency of
electrolysis during the stability test equals to 0.278/0.437=63.6%, indicating that the main
conducting carrier of electrolysis current in BZY electrolyte layer is proton instead of hole.
Iwahara et. al [129-131] first reported steam electrolysis in H-SOECs during the
1980s, however, the test was conducted at high operating temperatures (1073 -1273 K) due
to the use of thick electrolyte. In recent years, steam electrolysis in H-SOECs operating at
intermediate temperatures (823-973 K) has been extensively pursued. Table 4.02
summarizes the performance of H-SOECs in the literature as well as the results from this
study. H-SOECs with thick BaCe0.9Y0.1O3-δ electrolyte (450 μm) were reported by Stuart
et al.[132] in 2008. However, electrolysis current density is very low (12 mA cm-2 at 1.3 V
and 873 K), due to the large ohmic resistance of the electrolyte. To reduce the ohmic
resistance of the electrolyte, thin electrolyte layers have been fabricated on Ni based
electrode supports, resulting in significant improvement of the electrolysis performance[10,
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77, 133]. For example, electrolysis current density of ~190 mA cm-2 was achieved at 1.3 V
and 873 K, when the thickness of the BaCe0.5Zr0.3Y0.2O3-δ electrolyte is reduced to 20 μm
[133]. Besides large ohmic resistance of the electrolyte, the stability of the electrolyte
material in H2O-containing atmosphere is another issue for the development of H-SOECs.
Except for the work of Bi et al.[109], cerate proton-conducting electrolyte was mainly used
in te previous studies[10, 77, 126, 133-135]. As mentioned above, partial substitution of
Ce by Zr cannot make cerate proton-conducting oxides fully stable in H2O-containing
atmosphere[15, 16]. Even though the single cells with BaCe0.5Zr0.3Y0.16Zn0.04O3-δ
electrolyte (75 μm) show the highest cell performance (960 mA cm-2) at 973 K, the stability
of the cells with cerates electrolyte is still a serious concern.
For H-SOECs using zirconate proton-conducting electrolyte, the current density using
SFM-BZY air electrode in this study (210 mA cm-2) is about four times of that with LSCFBZY air electrode (53 mA cm-2). The main difference between these two studies is the air
electrode. Therefore, the excellent performance in this study is attributed to the application
of the SFM-BZY air electrode. High porosity of the SFM-BZY air electrode is beneficial
to gas diffusion in the electrode and the nano-scaled grains (less than 100 nm) offer
increased triple phase boundaries for the reduction of H2O in the air electrode, resulting in
small polarization resistances, as shown in Fig. 4.04.
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Table 4.02 Comparison of the performance of H-SOECs at 1.3 V
Configuration
of electrolysis cell

Pt/BaCe0.9Y0.1O3-δ
(450 μm)/Pt

Operation
Inlet gas
temperature composition
(K)
in the air
electrode
873
air

Absolute
Current
density
(mA cm-2)
12

Ref.

(year)

[126]
2008

SSC-BCZY/
BaCe0.5Zr0.3Y0.2O3-δ (20
μm)/Ni-BCZY
LSC-BZCYbCo/
BaCe0.48Zr0.4Yb0.1Co0.02O3-δ (45
μm)/Ni-BCZYbCo

873

50% H2O,
50% Air

~190

[133]
2010

873

3% H2O,
19.4% O2,
77.6% He

16

[134]
2011

LSCM-BZCYZ/
BaCe0.5Zr0.3Y0.16Zn0.04O3-δ (75
μm)/Ni-BCZYZ

973

3% H2O,
97% N2

960

[77]
2012

LSCF-BZCYZ/
BaCe0.5Zr0.3Y0.16Zn0.04O3-δ(2000
μm)/
Ni-BCZYZ

1073

3% H2O,
97% Air

26

[135]
2013

LSCF-BZY/
BZY(15 μm)/Ni-BZY

873

3% H2O,
97% Air

53

[17]
2015

LNF/LN-BCZD/
BaCe0.5Zr0.3Dy0.2O3-δ
(30 μm)/Ni-BCZD

873

3% H2O,
97% Air

~170

[10]
2016

SFM-BZY/
BZY(16 μm)/Ni-BZY

873

3% H2O,
97% Air

210

This
study

Moreover, considering the Faradaic efficiency of electrolysis is important when the
electrochemical performance is compared. The OCV at 873 K in this study (0.86 V) and
that in literature (0.85 V) are lower than the theoretical one (1.048 V), indicating that there
may be electronic conductivity in the electrolytes and the Faradaic efficiencies of
electrolysis can’t reach 100% in both studies. In this study, the actual faradaic efficiency
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of electrolysis is 63.6%, when the electrolysis current is 190 mA cm-2, as shown in Fig.
4.08 (c). Similarly, Iwahara et al.[131] have reported that for proton conductor, the current
efficiency for hydrogen evolution ranges from 50%-95%. The current efficiency of
electrolysis is closely related to the ion transport number (ti) and the electron transport
number (te) of the electrolyte material. Assuming that the partial pressures of H2O are the
same in both electrode sides, these transport numbers can be determined by the following
equations[10, 136]:
𝐸 = 𝑡𝑖

𝑅𝑇
4𝐹

𝑡𝑖 =

ln(

𝑝′𝑂2
𝑝′′𝑂2

)

𝐸

(4.01)
(4.02)

𝐸𝑂

𝑡𝑖 + 𝑡𝑒 = 1

(4.03)

where E and Eo are the actual OCV and theoretical OCV of oxygen concentration cells
respectively, R is the universal gas constant, T is the absolute temperature (K), F is the
Faraday constant and 𝑝′𝑂2 and 𝑝′′𝑂2are the oxygen partial pressure of the air electrode and
the fuel electrode, respectively. According to Equations (4.02) and (4.03), the transport
numbers (ti and te) of the BZY electrolyte in this study and in the literature with LSCFBZY air electrode should be similar because of the similar OCVs in both studies. Therefore,
it is reasonable to assume that the Faradaic efficiency of electrolysis is very close in both
studies. Consequently, the actual performance of H-SOECs using the SFM-BZY air
electrode in this study is still better than those using the LSCF-BZY air electrode in the
literature[17].
4.4 CONCLUSIONS
In this work, stable H-SOECs are successfully fabricated. BZY, with good chemical
stability in H2O-containing atmosphere, is employed as the electrolyte material. Thin and
68

dense BZY electrolyte (16 μm) is fabricated using drop-coating method with 1wt.% NiO
addition as the sintering aid. SFM, which is also chemically stable in H 2O-containing
atmosphere, is applied as the air electrode material of H-SOECs for the first time. Highly
porous SFM-BZY with nano-structured particles provides sufficient pores and channels for
the gas transportation and large specific surface area for the gas conversion. Consequently,
the H-SOECs with Ni-BZY fuel electrode support, thin BZY electrolyte and robust SFMBZY air electrode, show stable and excellent performance for steam electrolysis with
63.6% faradaic efficiency.
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CHAPTER 5 A HIGHLY ACTIVE HYBRID CATALYST MODIFIED
LSCF CATHODE FOR PROTON CONDUCTING SOLID OXIDE FUEL
CELLS
5.1 BACKGROUND
Solid oxide fuel cell (SOFC) has received increasing attention in recent years owing
to its high energy-conversion efficiency, broad application range and fuel flexibility [137].
However, the high operation temperature (1073-1273 K) of traditional SOFCs hinders their
commercialization and deployment both in portable devices and stationary applications.
Therefore, considerable efforts have been devoted to developing intermediate temperature
(673-923 K) SOFCs in the past ten years [138-141]. Proton-conducting SOFC (H-SOFC)
has gradually attracted significant research attention for its reduced operation temperature,
relatively low activation energy and high energy efficiency [142-145].
As one of the state-of-the-art electrolytes for H-SOFC, BaZr1-xYxO3 (BZY) has
garnered particular attention because of its high chemical stability and high bulk proton
conductivity [113, 124, 146-149]. However, there are still a number of technical challenges
for BZY electrolyte. The sluggish rate of oxygen reduction reaction (ORR) in the cathode,
and consequently high cathode polarization resistance, is one of the crucial factors
influencing the performance of the H-SOFC [107, 150]. Among the cathode materials
developed for H-SOFCs, LaxSr1-xCoyFe1-yO3 (LSCF) cathode, which has been widely
studied in oxygen-ion conducting SOFC (O-SOFC), has also been applied in H-SOFCs for
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its high electronic and ionic conductivities [151]. However, the relatively slow kinetics of
oxygen dissociation-absorption process limits the performance of LSCF as cathode
material for H-SOFCs [152]. To date, the highest maximum power density of H-SOFC
with BZY as electrolyte material and LSCF as cathode material is only 0.11 W cm-2 at
600oC [153]. Moreover, Sr segregation near surfaces or interfaces of LSCF causes
significant degradation of the electrochemical performance and affects its long-term
operational life [151].
One effective way to solve the above problems is to modify the surface of LSCF
through impregnation with coating of stable and catalytically-active nanoparticles [154].
Ding et. al [155] have reported that the electro-catalysis and stability of LSCF cathode in
O-SOFCs can be substantially enhanced by coating the more active Mn-based catalyst.
Recently, Chen et al. [156] have reported that the electrochemical performance and
stability of LSCF in O-SOFCs could be drastically improved by forming a thin layer of
PrNi0.5Mn0.5O3 (PNM) and PrOx nanoparticles on the LSCF surface through impregnation
of Pr2Ni0.5Mn0.5O4 solution. However, the above studies have been conducted in O-SOFCs
but not in H-SOFCs. Unlike the O-SOFCs, protons (H+) are transported and water is formed
at the cathode side of H-SOFCs, making cathode reactions fundamentally different from
that of the O-SOFCs, resulting in more sluggish ORR [157, 158]. Unfortunately, there have
been very limited reports concerning the modification of LSCF cathode by impregnation
for H-SOFCs. Although Y0.25Bi0.75O1.5, Gd0.1Ce0.9 O1.95 (GDC) and Ag have been
impregnated in the LSCF cathode, these studies have been mainly focused on improving
electro-catalytic performance and the effect of the nanoparticle catalyst on the LSCF
cathode stability has not been reported yet [152, 159, 160].
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In order not only to enhance the electro-catalysis but also to improve the stability of
LSCF cathode in H-SOFCs based on BZY electrolyte, hybrid catalyst consisting of PNM
and PrOx has been impregnated to the LSCF cathode in this study, as shown in Fig. 5.01.
Microstructure characterization shows that the nano-structured modification on the LSCF
cathode is obtained. Experimental results demonstrate that the hybrid catalyst on the LSCF
surface can significantly enhance the oxygen adsorption and dissociation process of ORR,
resulting in substantial reduction in the polarization resistance of the LSFC cathode and
enhancement of the H-SOFC cell performance. In addition, the hybrid catalyst can
potentially suppress Sr segregation and consequently improve the H-SOFC long-term
performance stability.

Figure 5.01 Schematic illustrations of blank LSCF electrode and PNM-PrOx impregnated
LSCF for H-SOFCs.
5. 2 EXPERIMENTAL
5.2.1 SYNTHESIS AND CHARACTERIZATION OF MATERIALS
The BZY powders were synthesized by a combined EDTA-citric acid method[116].
The PNM powders were synthesized by a wet chemical method. Pr(NO3)3·6H2O (Alfa
Aesar 99.9%)，Ni(NO3)2·6H2O and Mn(NO3)3·6H2O were used as the raw materials while
citric acid was added as the complexing agent. Other procedures were similar to the above
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and the fired temperature of the as-prepared ash was controlled at 1073 K for 1 h to obtain
the final powders.
To evaluate the chemical compatibility between PNM and BZY and chemical stability
of SFM in 20%H2O-air, X-ray diffraction (Rigaku MiniFlex II, with Cu Kα radiation and
a D/teX silicon strip detector) was used to identify the crystal structures of the samples
after each heat treatment.
5.2.2 FABRICATION AND CHARACTERIZATION OF SINGLE CELLS
NiO-BZY electrode supported cells with thin BZY electrolyte layer were fabricated
by dry-pressing and drop-coating. NiO powders (JT-Baker, USA), BZY powders and
carbon black (average particle size: 1 μm) were mixed with weight ratio of 5.5:4.5:2. The
mixed powders were used to prepare the NiO-BZY electrode substrates (10.3 mm in
diameter and 0.3 mm in thickness after sintering at 1450 oC) by dry-pressing and then firing
at 873 K for 2 h.
The BZY electrolyte slurry was prepared by mixing and ball milling BZY powders,
NiO powders (1.0 wt.% of BZY) as sintering aid, ethanol as solvent, TEA as dispersant,
Polyvinylbutyral (PVB) as polymer binder, Dibutyl phthalate (DBP) and (polyethylene
glycol-600) PEG-600 as plasticizers [117, 118]. BZY electrolyte layer was then deposited
on the NiO-BZY substrates by drop-coating method, followed by sintering at 1723 K for 5
h.
The (La0.60Sr0.40)0.95Co0.20Fe0.80O3-x(LSCF, Fuel Cell material, USA) electrode with
an effective area of 0.33 cm2 was applied onto the surface of the BZY electrolyte layer by
using LSCF ink and brush painting method and then sintering at 1273 K for 2 h.
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Impregnation procedure. The hybrid catalyst solution used for impregnation was
prepared by dissolving Pr(NO3)3·6H2O, Ni(NO3)2 and Mn(NO3)2·6H2O in molar ratio of
4:1:1 in appropriate amount of deionized water, and then adding glycine as a chelating
agent under stirring to form 0.1M Pr2Ni0.5Mn0.5O4+δ solution. In order to improve the
permeability of the solution, ethanol was added and the impregnation process was operated
in the vacuum impregnation machine (Struers CitoVac). The hybrid solution was carefully
impregnated 6 μL on the surface of the LSCF cathode. After that, the assembled cells were
fired at 1073 K for 1 h, allowing decomposition of nitrate and formation of PNM
nanoparticles. Finally, 15 wt.% impregnation loading with respect to the weight of LSCF
cathode layer is achieved.
The prepared single cells were attached to one end of an alumina tube using an
electrical conductive paste (DAD-87, Shanghai Research Institute of Synthetic Resins,
China). High temperature ceramic adhesives (552-1105, Aremco, USA) were then applied
outside the attached cells to avoid gas leaking. 30 ml min-1 H2 was fed to the hydrogen
electrode side during the test. Hydrogen flow rate was controlled by mass flow controllers
(APEX, Schoonover, USA). Electrochemical characterizations including current densityvoltage (I-V) and impedance spectra measurements for the single cells were conducted on
an electrochemical test system (Versa STAT 3-400, Princeton Applied Research, USA).
The I-V curves were recorded with a voltage sweeping speed of 0.03 V s-1. For the EIS
measurement, the frequency range was from 1 MHz to 0.01 Hz with the AC amplitude of
30 mV.
Microstructures of the single cells before and after the electrochemical test were
examined by scanning electron microscope (SEM, Zeiss Ultra Plus FESEM).
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5.3 RESULT AND DISCUSSIONS
XRD patterns of BZY and hybrid catalyst are shown in Fig. 5.02 (a). It can be seen
that the hybrid catalyst is consisted of PrOx phase and PrNi0.5Mn0.5O4+δ phase, consistent
with the literature [156]. BZY shows cubic perovskite structure without any secondary
phase. The hybrid catalyst and BZY powders were then mixed with weight ratio of 1:1 and
heat treated at 1073 K for 5 h. The XRD pattern of the mixture after heat-treatment reveals
only hybrid catalyst and BZY phases, demonstrating that the hybrid catalyst and BZY are
chemically compatible at 1073 K. Moreover, the phase stability of the hybrid catalyst is
essential for the durability of the cell electrochemical performance. Thus, the phase
stability of the hybrid catalyst is investigated, as shown in Fig. 5.02 (b). It can be seen that
the hybrid catalyst has showed excellent chemical stability at 873 K for 100 h in air.

Figure 5.02 XRD patterns (a) chemical compatibility between PrNi0.5Mn0.5O3, PrOX, and
BZY; (b) Stability of PrNi0.5Mn0.5O3 and PrOX.

The microstructures of porous NiO-BZY electrode support and dense BZY electrolyte
layer are shown in Fig. 5.03. The surface microstructure of the BZY electrolyte layer,
fabricated by drop-coating method [117, 118, 123, 161, 162] with 1.0 wt.% NiO addition
as the sintering aid [124, 125], is shown in Fig. 5.03 (a). After sintering at 1723 K for 5 h,
the BZY electrolyte layer is relatively dense without any obvious pores, suggesting that the
75

electrolyte layer can sufficiently separate the gas between electrodes. From Fig. 5.03 (b),
it can be observed that the pores in the NiO-BZY electrode support are distributed evenly
and the BZY electrolyte layer, with thickness of 15 μm, is well attached to the NiO-BZY
electrode support.

Figure 5.03 FESEM images of the single cells. (a) The surface of the BZY electrolyte; (b)
The cross-section view of NiO-BZY anode and BZY electrolyte.
The microstructures of LSCF cathode before and after impregnation of the hybrid
catalyst are shown in Fig. 5.04. Fig. 5.04 (a) is the typical cross-section micrograph of
blank LSCF cathode. The blank LSCF cathode is well sintered with particle sizes ranging
from 0.1 to 1 μm. Fig. 5.04 (b) and (c) present the micrographs of LSCF cathode with
impregnation of the hybrid catalyst. Compared with the relatively smooth surface of blank
LSCF particles in Fig. 5.04 (a), the surface of LSCF particles becomes rough and discrete
nanoparticles are uniformly distributed on the LSCF surface, as shown in Fig. 5.04 (b). At
higher magnification in Fig. 5.04 (c), it is clear that the nanoparticles are less than 20 nm,
which could increase the specific surface area of the LSCF cathode. According to Chen et.
al’s work [156], impregnation of hybrid catalyst in LSCF cathode will form a conformal
PNM thin film with exsoluted PrOx nanoparticles. Therefore, the change of the roughness
of the LSCF surface is probably caused by the formation of conformal PNM thin film.
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Figure 5.04 FESEM image of cathode (a) Microstructure of bare LSCF electrode; (b)
Microstructure of LSCF electrode with PrNi0.5Mn0.5O3 and PrOX; (c) High magnification
of image of LSCF electrode with PrNi0.5Mn0.5O3 and PrOX.

Figure 5.05 Electrochemical performance of single cells (a) I-V curves; (b) Maximum
powder densities of single cells at various temperature.
To study the effect of impregnation of hybrid catalyst on the electrochemical
performance of single cells, single cells with and without impregnation were tested. Fig.
5.05 (a) shows the I-V curves of single cells at 923 K. Single cells with impregnated LSCF
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cathode show much better performance than those with only blank LSCF cathode. The
maximum power densities (MPDs) of single cells with and without impregnation are 0.262
W cm-2 and 0.166 W cm-2 at 923 K, respectively, showing 58% performance enhancement
by the impregnation. The MPDs of single cells at 823 K, 873 K, 923 K and 973 K are
summarized in Fig. 5.05 (b). In this temperature range, single cells with impregnated LSCF
all yielded higher MPD than that with only blank LSCF. For example, at 823 K, the MPD
is raised by 200%, from 0.044 W cm-2 to 0.132 W cm-2, through impregnation.

Figure 5.06 (a) Impedance spectra Impedance spectra of single cells at 650 oC; (b)
Polarization resistance of single cells at various temperatures; (c) Polarization resistance
RH at various temperatures; (d) Polarization resistance RL at various temperatures.
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Impedance spectra of single cells with and without impregnation are measured under
the OCV condition, as shown in Fig. 5.06. The intercept of the impedance spectra with the
real axis represents the overall electrode polarization resistance (Rp). In Fig. 5.06 (a), the
Rp of single cell is reduced from 1.03 Ω cm2 to 0.26 Ω cm2 at 923 K by the impregnation
of hybrid catalyst, suggesting significant enhancement of catalytic activity of the LSCF
cathode by the impregnation. This is consistent with the results of the I-V curves. Similar
to the result at 923 K, Rp values are greatly reduced by impregnation of the hybrid catalyst
in the LSCF cathode at various temperatures, as shown in Fig. 5.06 (b). For example, at
873 K, the Rp is reduced from 2.17 Ω cm2 to 0.58 Ω cm2 through impregnation.
Furthermore, two arcs (RH and RL) can be clearly observed in the impedance spectra of
both single cells in Fig.6 (a), implying that there are at least two rate-limiting steps.
Equivalent circuit R1(RHCPEH)(RLCPEL) is applied to fit the spectra using Zview program,
where R represents the resistance, CPE is the constant phase element and the subscripts H
and L correspond to the high and low-frequency arc, respectively. Good agreement is
obtained between the fitting curves and the experimental data, as shown in Fig. 5.06 (a).
As the fabrication conditions of Ni-BZY anode and the BZY electrolyte are identical, the
differences of RH and RL between these two types of single cells are consequently caused
by the differences in the cathode. It has been reported that when oxygen-ion conducting
phase is used as cathode material in H-SOFCs, oxygen ion transfer and oxygen
dissociation-absorption processes are the two-main rate-limiting factors for the ORR.
Moreover, the oxygen-ion transfer process generally corresponds to the (RHCPEH)
component in the impedance spectra, while the oxygen dissociation-absorption process
normally corresponds to the (RLCPEL) component [152, 157, 158, 163].
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RH and RL of these two types of single cells are compared in Fig. 5.06 (c) and (d). It
can be noticed that in the single cells with blank LSCF, RL is the dominating resistance in
Rp, especially at low temperatures, suggesting that oxygen dissociation-absorption process
is the most sluggish step in the ORR for the blank LSCF. After impregnation of the hybrid
catalyst, both RH and RL, especially RL, are reduced. For example, RL is reduced by 72%,
from 4.02 Ω cm2 to 1.12 Ω cm2 at 823 K, suggesting that the acceleration of the oxygen
dissociation-absorption process by the impregnation of the hybrid catalyst makes
significant contribution for the improvement of electrochemical performance of the single
cells. By using periodic density functional theory (DFT), XAS and XPS, Chen et al. [156]
have demonstrated that the PNM phase in the hybrid catalyst facilitates rapid oxygen-ion
transport while the exsoluted PrOx in the hybrid catalyst has low adsorption energy of O2
(-1.19 eV) and oxygen vacancy formation energy (1.04 eV), which are beneficial for the
oxygen dissociation-absorption process in ORR. Therefore, impregnation of hybrid
catalyst in this study could improve not only the kinetics of oxygen-ion transfer but also
oxygen dissociation-absorption process in the LSCF cathode, resulting in significant
reduction of RP, RH and RL.

Figure 5.07 (a) Electrical conductivity relaxation as a function of time at 973 K; (b) Plots
of the surface exchange coefficients (Keff) as function of temperatures.
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To further demonstrate the above hypothesis, the surface exchange kinetics of these
cathodes was also investigated by measuring the electrical conductivity relaxation (ECR),
as shown in Fig. 5.07. Fig. 5.07 (a) displays the electrical conductivity relaxation for blank
LSCF and the impregnated LSCF samples as a function of time. The Keff values calculated
from the test are plotted as a function of 1000/T in Fig. 5.07 (b). It can be seen that the Keff
values of impregnated LSCF are always higher than those of blank LSCF at various
temperatures. For example, at 923 K, the surface exchange coefficient (Keff) of LSCF is
increased from 7.26×10-6 cm s-1 to 1.51×10-5 cm s-1 by impregnation of the hybrid catalyst,
indicating that the oxygen dissociation-absorption process (oxygen surface exchange) is
substantially accelerated.

Figure 5.08 (a) Stability of single cells at 873 K (a) Operation of single cells at 0.6 V; (b)
The microstructure of electrode after 100 h test.
To study the durability, single cells with and without impregnation are operated at 0.6
V and 873 K for 100h, as displayed in Fig. 5.08. In Fig. 5.08 (a), the current density of
single cells with blank LSCF dropped from 0.14 A cm-2 to 0.10 A cm-2 in the first 20 h and
then decreased slowly to about 0.09 A cm-2 in the last 80 h. The decrease of current density
is most likely due to the degradation of blank the LSCF cathode. It has been reported that
Sr segregation near surface is considered to contribute significantly to the degradation of
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the electrochemical activity of LSCF based electrode for ORR [151]. By contrast, singe
cells with impregnated LSCF cathode clearly show improved and more stable performance
than that with blank LSCF cathode. For example, the current density increased from 0.21
A cm-2 to 0.24 A cm-2 in the first 10 h and then increased moderately to 0.26 A cm-2 in the
last 90 h. The gradual increase of the cell performance may be due to the effect of the
cathode activation. Moreover, the Sr segregation can be mitigated by the formation of the
conformal PNM coating on LSCF. The relatively high oxygen vacancy formation energy
of PNM can suppress the oxygen vacancy concentration at the LSCF/PNM interface,
consequently reducing the driving force for Sr segregation [156]. The nano-structured
morphology of hybrid catalyst after 100 h cell testing (Fig. 5.08 (b)) is similar to that before
the test (Fig. 5.04), indicating excellent stability of the impregnated phases.
The performance of single cells in this study is compared with those of H-SOFCs
using BZY electrolyte in the literature as shown in Table 5.01. It can be found that the
MPDs of single cells with blank LSCF as cathode range from 0.050 W cm-2 to 0.11 W cm2

in the literature [127, 128, 153], which is close to the one with the blank LSCF (0.083 W

cm-2) measured in this study. Besides LSCF, Sm0.5Sr0.5CoO3-δ–Ce0.8Sm0.2O2-δ (SSC–SDC)
has also been studied as cathode for H-SOFCs [111, 122, 164] and the cell performance of
single cells with the SSC is typically lower than that of the LSCF cathode. The performance
of single cells with impregnated LSCF is better than the reported H-SOFCs with the blank
LSCF cathode [127, 128, 153]. It can be seen that among all studies in the table, single
cells with impregnated LSCF show the second highest MPD, only lower to a novel mixed
protonic, oxide ionic and electronic conducting BaCo0.4Fe0.4Zr0.2Y0.1O3-δ (BCFZY)
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cathode. These comparisons indicate that hybrid catalyst impregnated LSCF is a promising
cathode candidate for H-SOFCs.
Table 5.01 Comparison of the performance of H-SOFCs with BZY as the electrolyte
Configuration
of single cells

Ref.

Operation
temperature
(K)
873

MPD
(W cm-2)
0.169

[165]
2011

LSCF-BCYb
(BaCe0.9Yb0.1O3-δ)/BZY20
(4 μm)
/Ni-BZY

873

0.11

[153]
2010

Sm0.5 Sr0.5CoO3-ı–Ce0.8Sm0.2O2- δ
(SSC–SDC) /BZY20(20 μm)
/Ni-BZCY

873

0.062

[111]
2010

LSCF -BZYP/BZY20(30 μm)
/Ni-BZY

873

0.050

[128]
2011

SSC–SDC/BZY20(25 μm)
/Ni-BZCY

873

0.055

[122]
2012

BCFZY
(BaCo0.4Fe0.4Zr0.2Y0.1O3-δ)
/BZY20/Ni-BZY

873

0.49

[16]
2015

LSCF /BZY20(5 μm)/Ni-BZY

873

0.080

[127]
2015

SSC–SDC/BZY20(16 μm)
/Ni-BZCY

873

0.035

[164]
2016

Impregnated-LSCF /
BZY20(16 μm)
/Ni-BZY

873

0.198

This
study

LSCF /BZY20(16 μm)
/Ni-BZY

873

0.083

This
study

PrBaCo2O5+δ -BZYP/BZY20(20 μm)
/Ni-BZY
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(year)

5.4 CONCLUSIONS
In conclusion, H-SOFCs with NiO-BZY anode support, BZY thin electrolyte and
LSCF cathode have been successfully fabricated. To enhance the ORR reaction kinetics,
LSCF cathode is modified by impregnation of hybrid catalyst consisting of PrNi0.5Mn0.5O3
and PrOx. The electrochemical tests show that the cell performance is greatly increased by
the impregnation of hybrid catalyst to the LSCF cathode. At 923 K, single cells with hybrid
catalyst impregnated LSCF cathode show a polarization resistance of 0.25 Ω cm2, about
one fifth of that the cells with the blank LSCF cathode (1.03 Ω cm2). EIS and ECR analysis
shows that the oxygen-ion transfer and oxygen dissociation-absorption processes in the
LSCF cathode can be substantially accelerated by the impregnation of hybrid catalyst,
resulting in significantly lower polarization resistance and larger MPD. In addition, the
hybrid catalyst shows good chemical and microstructural stability at 873 K. Consequently,
single cells with impregnated LSCF show excellent durability. This study demonstrates
that impregnation of hybrid catalyst is a promising approach to improve the performance
and durability of LSCF cathode for H-SOFCs.
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CHAPTER 6 AN EFFICIENT AND HIGH-SELECTIVITY CHROMIUM
GETTER FOR SOLID OXIDE FUEL CELLS
6.1 BACKGROUND
Solid oxide fuel cell (SOFC), as a promising technology for electricity generation, has
received significant attention in recent decades thanks to its high energy-conversion
efficiency, its status as being environmental friendly, wide application range and fuel
flexibility [137]. Traditional SOFCs are usually operated at a high temperature (850oC1000oC). However, the high operating temperature means that the components of stack
need to be mainly ceramic and high temperature metal alloys, which increases the cost of
the system and hinders their broad commercialization. Therefore, significant costs have
been paid to reduce the operating temperature of SOFCs to 500oC-750oC [140, 166-168].
In this temperature range, low cost metallic interconnect materials, instead of ceramic and
high temperature metal alloys, can be applied in SOFC stack. To date, promising
candidates for metallic interconnects are all Cr-containing alloys [38, 169].
However, the volatilization of gaseous Cr-species from the Cr-containing alloys leads
to the Cr poisoning and performance degradation in the cathode of SOFC, which becomes
a serious issue in SOFC development [170]. The Cr poisoning mechanisms in different
cathode materials, such as LSCF and LSM, have been summarized by Jiang et al. [171]. In
LSM, Mn2+ ions are generated during cathode polarization at high temperature, which
serve as the nucleation agent to react with gaseous Cr-species. While in LSCF, SrO,
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segregated from LSCF crystal, serves as the nucleation agent to react with gaseous Crspecies [171].
Several approaches have been proposed and evaluated in order to mitigate or avoid
the effect of Cr poisoning on the cathode. One of these approaches is modifying the
composition of cathode material to improve the structural stability and reduce the surface
segregation. It has been reported that replacing Sr with Ba in LSCF could improve the Cr
tolerability[172]. However, the formation of SrCrO4, BaCrO4 and MnCrO4 is
thermodynamically favorable above 973 K [173], so the effect of replacing Sr with Ba in
LSCF is still unknown in the long term. To completely avoid Cr poisoning, Sr, Mn, Bafree cathode materials, such as LaNi0.6Fe0.4O3, have been developed. Komatsu et al. have
reported that the chemical reaction between LaNi0.6Fe0.4O3 and Cr2O3 can be neglected in
1000 h, suggesting the excellent Cr tolerance of LaNi0.6Fe0.4O3 [174]. However, the
electrochemical performance of LaNi0.6Fe0.4O3 is a concern below 973K. Another approach
of mitigating Cr poisoning is surface modification of cathode by impregnation. Zhao et al.
have reported that impregnation of Gd0.1Ce0.9O1.95 (GDC) can improve the Cr-tolerance of
LSCF, because GDC coating could act as a buffer layer to avoid the direct contact between
the SrO nucleus and Cr species[27]. Moreover, it has also been reported that the
impregnation of BaO in LSCF can inhibit the formation of SrCrO4 by forming
thermodynamically stable and conductive BaCrO4[175]. Beside the modification of
composition or surface of cathode, adding a protective layer on the surface of metallic alloy
is also an effective method to inhibit the evaporation/migration of Cr-species to the cathode
[169, 176].
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Recently, mitigating Cr poisoning by introducing “chromium getter” has been
proposed and investigated [40, 41, 177]. The chromium getter materials can capture (react)
the Cr species before the interaction of Cr species and the cathode in SOFC. Chromium
getter can be looked as a filter layer for Cr species and it can be reloaded before its complete
failure. Chromium getter materials are required to possess high reaction activity with Cr
species, good chemical stability in operation condition and good chemical and physical
compatibility with other components of SOFC system. To date, only SrxNiyOz has been
evaluated as chromium getter in SOFC. But it has been demonstrated that SrxNiyOz
decomposes into SrO and NiO at temperatures higher than 1223 K [40]. Meanwhile,
chemical instability of SrxNiyOz in H2O and CO2, which could be present in the stream gas
of cathode, limits it practical application.
By contrast, Sr2Fe1.5Mo0.5O6-δ (SFM) possesses excellent stability in a wide
temperature range (up to 1623 K) [67] and has been demonstrated to be stable in an
atmosphere containing H2O and CO2 in our previous studies [115, 178]. Moreover, the
perovskite structure of SFM make it chemically and physically compatible with most
cathode materials also with perovskite structure. Most importantly, according to the
thermodynamics (2SrO + Cr2O3 + 1.5O2= 2SrCrO4, ∆G=-310 kJ mol-1 at 1073 K), SFM
may have high reactivity with Cr species because its high content of Sr. Therefore, in the
study, SFM is evaluated as a new chromium getter material for SOFC.
6. 2 EXPERIMENTAL
6.2.1 SYNTHESIS AND CHARACTERIZATION OF MATERIALS
The SFM powders were synthesized by a glycine and citric acid assisted combustion
method[67].
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To evaluate the chemical reaction between Cr2O3 (Alfa Aesar 99%) and SFM, X-ray
diffraction (Rigaku MiniFlex II, with Cu Kα radiation and a D/teX silicon strip detector)
was used to identify the crystal structures of sample after treatment.
The SFM getter before and after test was analyzed by X-ray Photoelectron
Spectrometer (XPS) (Kratos Axis Ultra) and the spectra were calibrated by C 1 at 284.5
eV.
5.2.2 FABRICATION OF SYMMETRICAL CELLS AND SFM POROUS PELLETS
Dense electrolyte support was prepared by pressing GDC10 (Fuel Cell
Materials, USA) powders into pellets and then sintering at 1723 K for 5 h. After
sintering, the GDC pellet is 16.8 mm in diameter and 0.63 mm in thickness. The
LSCF electrode ink (Fuel Cell Materials, USA) was screen-printed on both sides of
the GDC10 electrolyte and then fired at 1273 K for 2 h. The effective electrode area
was about 0.33 cm2. Ag paste was used as the current collector.
SFM, as synthesized above, and carbon black are mixed with weight ratio of
5:1. The mixed powder is pressed into pellets. After sintering at 1373 K for 2 h,
porous SFM pellets are obtained.
5.2.3 ELECTROCHEMICAL TEST OF THE SYMMETRICAL CELLS
The prepared single cells were attached onto the end of an alumina tube using
high temperature ceramic adhesives (552-1105, Aremco, USA) as sealing material.
Cr2O3 and SFM getter were put inside the alumina tube as shown in Fig. 6.01. During test,
50 ml min-1 dry O2 was fed to electrode side with Cr2O3 and SFM. The flow rate was
controlled by mass flow controllers (APEX, Schoonover, USA). Impedance spectra
measurements for the symmetrical cells were conducted on an electrochemical test
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system (IM6, Zahner-elektrik, Kronach, Germany). The frequency range was from
1 MHz to 0.01 Hz with the AC amplitude of 30 mV. Z-view was used to simulate
the impedance spectra.
Microstructures of the single cells before and after the electrochemical test were
examined by scanning electron microscope (SEM, Zeiss Ultra Plus FESEM).

Figure 6.01 The schematic of test setup.
6.3 RESULT AND DISCUSSIONS
SFM and Cr2O3 are characterized by XRD, as shown in Fig. 6.02. The XRD pattern
of SFM reveals perovskite structure without any secondary phase, suggesting that single
phase SFM has been synthesized successfully. Meanwhile, the XRD pattern of Cr2O3
shows hexagonal structure without any secondary phase.
Fig. 6.03 displays the XRD patterns of SFM before and after different treatment. It
can be found that the XRD patterns of SFM do not change after treatment in CO 2 or
20%H2O-air at 1073 K, indicating that SFM is chemically stable in an atmosphere
containing CO2 or H2O. These results are consistent with literatures [25, 79, 178].
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Figure 6.02 The XRD patterns of SFM, Cr2O3 and mixture (1:1) before treatment.

Ni-GDC

Figure 6.03 The XRD patterns of SFM after CO2 and H2O treatment.
To evaluate the reaction activity between SFM and Cr2O3, SFM and Cr2O3 are mixed
with a weight ratio of 1:1 and 10:1. In the cases of weight ratios of 1:1, since the mole of
SFM (402.98 g mol-1) is smaller than that of Cr2O3 (151.99 g mol-1), there is extra Cr2O3
in the mixture. The XRD patterns of mixture with a weight ratio of 1:1 are shown in Fig.
6.04. In Fig. 6.04 (a), after treatment at 1223 K for 20 h, SFM phase disappears and the
peaks corresponding to SrCrO4 are obvious, indicating that SFM completely decomposes
and reacts with Cr2O3 thoroughly. Besides SrCrO4 and Cr2O3 phase, it is hard to accurately
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figure out the phase of other products, because the XRD pattern is complicated and peaks
are overlapped. When the temperature of treatment is reduced by 100 K, the XRD pattern
of 1123 K is similar to that of 1223 K. Figure 6.04 (b) shows that even the temperature of
treatment drops to 923 K, SFM phase cannot be found and peaks belonging to SrCrO4 is
still obvious. These XRD results indicate that SFM has high reaction activity with Cr
species in this temperate range, implying that SFM may be a good potential chromium
getter material.

Figure 6.04 The XRD patterns of SFM-Cr2O3 mixture (1:1) after treatment (a) at 1223 K
and 1123 K; (b) at 1023 K and 923 K.
In practical application, to avoid the failure of Cr species capturing, the amount of
getter is usually beyond that of Cr species, especially at the beginning of operation. So, the
reaction activity test is also conducted when SFM and Cr2O3 are mixed with weight ratio
of 10:1, as shown in Fig. 6.05. It can be seen that at 973 K and 1073 K, SFM and SrCrO4
phases can be observed, demonstrating that when the amount of Cr species is tiny, SFM
can still efficiently capture Cr species.
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Figure 6.05 The XRD patterns of SFM-Cr2O3 mixture (10:1) after treatment at 973 K and
1073K.
To demonstrate the feasibility of SFM as chromium getter for SOFC, electrochemical
performance of symmetrical cells in different test conditions is investigated as shown in
Fig. 6.01. The results of impedance spectra are shown in Fig.6.06. The intercept of the real
axis corresponds to ohmic resistance of the cell, while the real axis range covered by the
arc region represents the overall electrode polarization resistance (Rp). In Fig. 6.06 (a), it
can be seen that the polarization resistance is stable and it is just increased from 0.055 Ω
cm2 to 0.060 Ω cm2 in 50 h. This slow degradation may be due to the evaporation of silver
current collector or the Sr segregation on the surface [156, 179].
When Cr source (Cr2O3) is introduced to one side of the symmetrical cells, the
impedance spectra are shown in Fig. 6.06 (b). The impedance spectrum at 0 h is not
identical with that in the case without Cr sources (Fig. 6.06 (a)), which can be explained
by the fact that the volatilization of Cr source and Cr poisoning already occurs during the
slow heating process (the heating rate is 2 K min-1). At 50 h, significant increase of
polarization resistance is found. It increases from 0.083 Ω cm2 at 0 h to 0.218 Ω cm2 at 50
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h. In other words, LSCF cathode suffers serious performance degradation due to Cr
poisoning at 1073 K, which is consistent with those in literatures[172, 180].
To mitigate the effect of Cr poisoning, a layer of SFM as Chromium getter is placed
between the Cr source and the symmetrical cell, as shown in Fig. 6.01. The results of
impedance spectra with Cr source and SFM layer are shown in Fig. 6.06 (c). It is obvious
that the degradation of performance is significantly reduced with the introduction of SFM
layer, compared with that without SFM layer. The polarization resistance is only increased
from 0.055 Ω cm2 at 0 h to 0.070 Ω cm2 at 50 h. The degradation rate in the case with Cr
source and SFM layer is a bit larger than that without Cr source, which may be due to the
incomplete absorption of gaseous Cr species by SFM layer.

Figure 6.06 Impedance spectra of LSCF at 1073 K (a) Blank; (b) with Cr2O3; (c) with Cr2O3
and SFM getter.
Furthermore, to study how the Cr poisoning influences the performance of LSCF
cathode, Zview program is used to fit the spectra in Fig. 6.06 (b) and the fitting results are
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shown in Fig. 6.07. When equivalent circuit of R1(RHQPEH)(RLQPEL) is applied to fit the
spectra, a good agreement is obtained between the fitting lines and the experimental data,
where R represents the resistance, QPE is the constant phase element and the subscripts H
and L correspond to the high and low-frequency arc, respectively. Two RQPE elements are
used in equivalent circuit, implying that there are at least two rate-limiting steps. The fitting
results of RH and RL at different time are summarized in Fig. 6.07.
It has been reported that oxygen ion transfer and oxygen dissociation-absorption
processes are the two main rate-limiting factors for the oxygen reduction reaction (ORR)
in LSCF. Moreover, the oxygen-ion transfer process generally corresponds to the (RHQPEH)
component in impedance spectra, while the oxygen dissociation-absorption process
normally corresponds to the (RLQPEL) component [181, 182].
From Fig. 6.07, it can be observed that the RH and RL are increased with time. The RH
is increased by 60.2% (from 0.0705 Ω cm2 to 0.113 Ω cm2) in 50 h, while the RL is
significantly increased by more than 700% (from 0.0131 Ω cm2 to 0.153 Ω cm2),
suggesting that the Cr poisoning slows down both the oxygen-ion transfer and oxygen
dissociation-absorption processes of LSCF, especially the latter. Atkinson et al. [183] have
reported Cr poisoning reduces oxygen self-diffusion (Do) and surface exchange (ko)
parameters, the latter being more affected. As ko is highly related to the oxygen
dissociation-absorption process in the LSCF electrode, the significant increase of RL in this
study could be blamed for the reduction of ko caused by Cr poisoning.
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Figure 6.07 Equilibrium circuit and fitting results of impedance spectra in Fig. 6.06(b).

Figure 6.08 Microstructure characterization of LSCF (a) blank before test; (b) blank after
test; (c) with Cr source; (d) with Cr source and SFM getter.

Moreover, the microstructures of LSCF electrode in different conditions are
characterized by SEM, as shown in Fig. 6.08. Fig. 6.08(a) shows the microstructure of
blank LSCF electrode before the test. The LSCF electrode before the test shows porous
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structure and the size of the particles ranges from 100 nm to 500 nm, which are the typical
features of LSCF electrode. The microstructure of blank LSCF electrode after 50 h test is
shown in Fig. 6.08 (b). Compared with blank LSCF before the test (Fig. 6.08 (a)), there is
no obvious change after the test, indicating that the LSCF electrode is stable in
microstructure during the test, which is consistent with impedance spectra in Fig. 6.06 (a).
Fig. 6.08 (c) shows the morphology of LSCF electrode with Cr source in the test. It is
observable that some new crystals, highlighted by the red circles, are formed on the surface
of particles. These new crystals are octahedral-type particles, similar to the SrCrO4 phase
observed in other literatures [175], indicating the Cr poisoning in LSCF. The formation of
SrCrO4 on the LSCF surface could greatly reduce reaction sites, leading to reduction of the
kinetics of oxygen dissociation-absorption process. Furthermore, the extraction of Sr from
LSCF by SrCrO4 could destroy the crystal structure of LSCF, resulting in reduction of ion
and electronic conductivity. Overall, the performance degradation caused by Cr poisoning
can be explained by the change of microstructure. By contrast, when SFM layer is
introduced between Cr source and symmetrical cells, these new crystals cannot be found
in the LSCF electrode, as shown in Fig. 8 (d). Moreover, the microstructure in Fig. 6.08 (d)
is similar to those in Fig. 6.08 (a) and (b), demonstrating that the SFM layer can efficiently
mitigate the Cr poisoning in LSCF electrode. These microstructure characterizations are
consistent with the results of electrochemical performance in Fig. 6.06.
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Figure 6.09 XPS spectra (a) Cr 2p; (b) Sr 3d; (c) Fe 2p; (d)Mo 3d.
To analyze the working mechanism of the SFM layer as Cr getter, the SFM layer after
test (in Fig. 6.06 (c)) is analyzed by XPS, as shown in Fig. 6.09. Fig. 6.09 (a) shows the
XPS spectra of Cr. It is clear that there is no Cr in the blank SFM sample. By contrast,
peaks corresponding to Cr 2p can be found in the SFM layer as Cr getter. The binding
energies of Cr 2p 3/2 and 2p 1/2 are about 580 eV and 589 eV respectively, which are similar
to the typical binding energies of Cr in SrCrO4 [184]. XPS spectra of Sr before and after
test are compared in Fig. 6.09 (b) and significant changes can be found after test. After
stability test, the XPS spectrum of Sr become complex, which is due to the existence of
more than one phase on the surface of sample. Besides the original two peaks at 132 eV
and 133.8 eV, two new peaks at about 133.5 eV and 135 eV can be observed after test. The
binding energies of these two new peaks are close to those of Sr in SrCrO4 reported in the
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literature [184]. Fig. 6.09 (c) displays the XPS spectra of Fe before and after test. The
spectra of Fe before and after test are similar and there are only slight shifts of the peaks.
These slight shifts of peaks are probably due to the slight change of chemical environment
of Fe, which can be explained by the partial separation of Sr from the crystal structure of
SFM. The XPS spectra of Mo in Fig. 6.09 (d) have the similar changes with those of Fe,
which can be explained by the same reason. Compared the significant change of XPS
spectra of Sr, the unobvious changes of XPS spectra of Fe and Mo suggest that Fe and Mo
have less reactivity with Cr species than Sr. This is consistent with result of XRD test in
Fig. 6.05. The above results of XPS indicate that the working mechanism of SFM as Cr
getter is primarily due to the high reactivity between Sr and Cr. This can be explained by
the very negative Gibbs free energy of reaction between SrO and Cr2O3
(O2+2SrO+Cr2O3=2SrCrO4, ∆G=-310 KJ at 1073 K).
6.4 CONCLUSIONS
In this work, a new Chromium getter material, SFM, is proposed and evaluated. The
XRD results demonstrate that SFM, which is stable in an atmosphere containing CO2 and
H2O, possesses high reaction activity with Cr species in temperature range from 923 K to
1223 K, suggesting its high reaction selectivity with Cr species. Then the results of
electrochemical tests and microstructure characterizations show that the introduction of
SFM layer can efficiently mitigate the performance degradation of LSCF caused by Cr
poisoning. The function of SFM layer is sufficient absorption of gaseous Cr species to
avoid the direct contact of LSCF and Cr species, which is demonstrated by the XPS test.
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FUTURE WORK
1. Development of air electrode materials without alkaline earth elements
The volatilization of gaseous Cr-species from Cr containing interconnect materials
leads to drastic degradation of the air electrode performance which becomes a serious issue
in SOC development. The perovskite-type air electrode materials usually contain alkaline
earth elements which are thermodynamically favorable to react to Cr-species, leading to
Cr poisoning of air electrode. Therefore, in my future work, air electrode materials without
alkaline earth elements will be developed. The Cr-tolerance and electrochemical
performance of them will be evaluated.
2. Development of high performance H-SOECs
In Chapter 4, H-SOECs with robust electrolyte and air electrode have been fabricated
successfully. However, the electrolysis performance is still not satisfactory for practical
applications. The ohmic resistance from the electrolyte layer and the polarization resistance
from the air electrode are the limiting factors of the electrolysis performance. The ohmic
resistance from electrolyte layer is closely related to the composition, microstructure and
thickness of electrolyte material. The polarization resistance from air electrode is greatly
affected by the electro-catalytic activity of electrode material, especially at low temperature
(below 923 K). Therefore, in the future study, the electrolysis performance of H-SOECs
will be improved by optimizing the electrolyte layer and developing high performance and
stable air electrode with nano-scaled structure.
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Moreover, the faradaic efficiency of H-SOECs is still a problem. Electrochemical
model will be developed to study the mechanism of electronic leakage in the electrolyte
layer. After well understanding the mechanism, various methods will be applied to increase
the faradaic efficiency.
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